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COMMUNICATION APPLICATIONS

RELATED APPLICATIONS

[0001] This application 1s a continuation-in-part of Inter-
national Application No. PCT/US2011/038398, filed on May
2’7, 2011, the content of which 1s incorporated by reference
herein 1n 1ts entirety.

BACKGROUND

[0002] Drilling rig operators often employ the use of Mea-
surement- While-Drilling (MWD) and Logging-While-Drill-
ing (LWD) tools and services during drilling operations, to
measure and/or log various conditions within the borehole
and/or the rock formations surrounding the borehole. MWD/
LWD tools utilize a variety of sensors to sample and aggre-
gate digital values for real-time transmission to the surface
during drilling operations. The transmission scheme and
channel medium may vary. For example, they may include
Mud Pulse Telemetry (MPT) through water and drilling mud,
Electro-Magnetic-Telemetry (EMT) through rock forma-
tions, and Acoustic Telemetry (AT) via the dnll-string. Each
scheme typically employs some form of modulation (e.g.
Orthogonal Frequency Division Multiplexed (OFDM), or
Direct Sequence Spread Spectrum (DSSS)) to increase the
reliability of communication through the associated medium.
[0003] When either OFDM or DSSS modulation are used,
the transmit peak-to-average-power-ratio (PAPR) 1s often
poor (1.e., relatively high), as compared to other processes,
even though error rates may be improved. As a result, a more
expensive transmitter power amplifier, with a higher dynamic
range, 1s often used to maintain a desired level of reliability
within a given communication system.

[0004] During drilling operations, the drnller will often
pump fluids, e.g. “drilling mud” or water, into the borehole
via a set of pumps (typically positive displacement pumps)
through the drill string and out the drill bit. The fluids return
to the surface through the annulus (the space between the
drill-string and borehole wall). This drilling mud i1s quite
ubiquitous 1n drilling operations, and due to costs or forma-
tion constraints, 1t 1s often the media of choice for transmait-
ting information—using mud pulse telemetry (MPT). How-
ever, the data rates provided by MPT are relatively low when
compared to other mechanisms of data transport.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 1llustrates examples of scrambler transforms
at the transmitter and the receiver, according to various
embodiments of the invention.

[0006] FIG. 2 illustrates a bit-stream format concatenating
packets of fixed numbers of bits, according to various
embodiments of the invention.

[0007] FIG. 3 illustrates a bit-stream format concatenating
fixed length packets with SEED values, according to various
embodiments of the invention.

[0008] FIG. 4 1llustrates a bit-stream format concatenating
fixed length packets with SEED and POLY values, according
to various embodiments of the invention.

[0009] FIG. 5 illustrates transmaission bit-streams that may
be used to reduce PAPR, according to various embodiments
ol the mvention.

[0010] FIGS. 6-16 1llustrate block diagrams of transmuitters
and recewvers, according to various embodiments of the
invention.

Apr. 18,2013

[0011] FIG.171s ablock diagram of apparatus according to
various embodiments of the invention.

[0012] FIG. 18 illustrates a wireline system embodiment of
the 1mnvention.
[0013] FIG. 19 illustrates a drilling rig system embodiment

ol the mvention.

[0014] FIG. 20 1s a flow chart i1llustrating several methods
according to various embodiments of the invention.

[0015] FIG. 21 1s a block diagram of an article according to
various embodiments of the invention.

[0016] FIGS. 22-24 1llustrate additional block diagrams of

transmitters and receivers, according to various embodiments
of the invention.

[0017] FIG. 25 1s a flow chart illustrating additional meth-
ods according to various embodiments of the mnvention.

DETAILED DESCRIPTION

[0018] In some embodiments, data to be communicated
within a drilling system, from sub-surface to surface, and
vice-versa, 1s transformed by selecting a transform from a
plurality of transforms to improve (i.e., reduce) the transmit
PAPR of the signal that carries the data within a rock forma-
tion using multi-carrier/wavetorm modulation, without mate-
rially reducing the decoding rate. The terms “rock formation™
and “geological formation™ are used interchangeably herein,
referring 1n all cases to materials that make up the surface and
subsurface of the Earth. The solution provided by this process
can be used to more efficiently and accurately communicate
data within underground formations.

[0019] In some embodiments, the effective data transmis-
s1on rate 1s improved by formatting packets 1n a unique man-
ner, so that the time to transmait the formatted data 1s reduced
when compared to conventional systems. Various communi-
cation schemes, including MPT, can benefit from this
increase 1n the data transmission rate.

[0020] As used 1n this document, a “scrambler” 1s a pro-
cessing device comprising electrical hardware that operates
to mampulate a data stream before transmission mnto a com-
munications channel. The manipulations are reversed by a
“descrambler” at the recerving end of the communications
channel Scrambler types may include additive and multipli-
cative scramblers. Scrambling 1s widely used in satellite,
radio relay communications, and PSTN (public switched
telephone network) modems. In some embodiments, a scram-
bler 1s placed just before a FEC ({orward error correction)
coder, or it can be placed after the FEC, just before the
modulation or line code. A scrambler 1n this context has
nothing to do with encrypting, as the intent 1s not to render the
message unintelligible, but to impart useful properties to the
transmitted signal. For example, the scrambler may operate to
transform digital sequences into other sequences, without
removing undesirable sequences, to reduce the probability of
vexatious sequence occurrence.

[0021] Scramblers have been used 1n the past to “whiten”
digitized data, providing adaptive equalization 1n a receiver,
or flatteming the power spectral density of a transmitter’s
output. These uses are contrary to the teachings provided
herein, since the various embodiments operate to locally flat-
ten the time-domain transmission amplitude within a packet,
and not the ergodic frequency content of the overall signal.
Indeed, the use of scramblers 1n various embodiments, as
described herein, may result 1n greater frequency variance
across subcarriers or spreading codes (e.g., in the case of
quadrature amplitude modulation), and increase the local
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periodic characteristic within modulated packets of digitized
data, depending on the choice of modulation for each subcar-
rier.

[0022] To reduce PAPR in a transmitted signal, some
embodiments include an apparatus electrically connected
with a dnll string configured to produce electrical current in a
rock formation comprising. The apparatus may comprise a
power source, and an amplifier electrically connected to the
power source. The amplifier 1s used to vary an adjustable
voltage output to produce changes 1n electrical current trav-
cling through a rock formation. The apparatus uses a control-
ler that operates the amplifier to create a plurality of changes
in the electrical current passing through the rock formation
via multiple wavelform modulation, wherein the controller
tformats digital data into packets using a transform selected
from a plurality of available transforms.

[0023] Transmitter embodiments may use a form of mul-
tiple wavelorm modulation, e.g. OFDM (orthogonal fre-
quency-division multiplexing) or DSSS (direct-sequence
spread spectrum). The multiple wavetorms within OFDM
modulation aggregate a plurality of sinusoidal subcarriers
orthogonal with respect to each other, where each subcarrier
1s Turther modulated using more conventional modulation
approaches, e.g. PSK (phase-shift keying) and QAM. The
aggregation may cause constructive superposition, so that
subcarrier amplitudes present large absolute amplitude peaks
relative to the average absolute amplitude over the symbol
period. Hence, OFDM transmission signals often experience
a poor PAPR, leading to poor telemetry throughput unless
circuit complexity 1s significantly increased.

[0024] Under a DSSS scheme, an aggregation of a plurality
of chip sequences, preferably with low cross-correlation
properties, 1s transmitted. Thus, DSSS transmission also may
suifer from a poor PAPR.

[0025] Under either OFDM or DSSS, when the PAPR 1s
poor, a more expensive transmitter power amplifier, with a
higher dynamic range, 1s often used to maintain a desired
reliability of communication. Various embodiments
described herein operate to transform a packet of predeter-
mined length into OFDM or DSSS symbols with a reduced
PAPR, reducing constraints on power amplifier dynamic
range, while providing the same communication reliability.

[0026] Thus, some embodiments may include a system to
communicate through a rock formation that comprises a
transmitter configured to modulate a current with trans-
formed digital data and to transmit the modulated current
through a rock formation. The modulated current may com-
prise a superposition of a plurality of wavetorms. The system
may further include a recerver configured to demodulate the
current, to select a transform from a plurality of transforms,
and to use the selected transform to operate on the demodu-
lated information, providing the digital data forming part of at
least one packet, using an error detection code.

[0027] FIG. 1 illustrates examples of scrambler transforms
100,102,104, 106 at the transmuitter and the receiver, accord-
ing to various embodiments of the mvention. Thus at the
transmitter, one embodiment uses a transform selected from a
set of transtorms 100, 104 where each comprises a linear
teedback shift register (LFSR) configured according to a
polynomial descriptor. Each register can accept an initial state
value/indicator for the memory elements within the LFSR.
The number of memory elements may indicate the largest
possible cardinality of the transform set. Thus, the transmaitter
may have at least one scrambler 108 that includes one or more
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transforms 100, 104, perhaps taking the form of LFSRs, to
transiorm, e€.g. scramble, digital values according to a poly-
nomial 1indicator and an 1itial value, possibly using Galois
Field arithmetic (GF), such as modulo-2 arithmetic. The
transforms 100, 102, 104, 106 may also be implemented with
hardware or hardware executing soitware/firmware instruc-
tions that provides a unitary transform, spherical codes, and
other matrix transforms.

[0028] Some embodiments operate to communicate
through a rock formation as a system. The system may com-
prise a transmitter configured to modulate a current through
the rock formation, where the current comprises a superpo-
sition of a plurality of wavetorms. The system may comprise
a plurality of mitial state indicators accessible to the trans-
mitter to enable scrambling digital data. The system may
further comprise a receiver configured to demodulate the
signal provided by the current, and to select an 1nitial state
indicator from a plurality of initial state indicators accessible
to the receiver. The recerver may further comprise transforms
102, 106, perhaps taking the form of LFSRs, to descramble
the transformed digital data using a descrambler 110 and an
error detection code to determine the digital data within at
least one packet. An 1nitial value of all zeroes may operate to
disable the scrambler 108 or descrambler 110.

[0029] FIG. 2 illustrates a bit-stream format 200 concat-
cnating packets 201, 202, 203 of fixed numbers of bits,
according to various embodiments of the imvention. Each
packet 201, 202, 203 includes information 1n the form of data
204 (e.g., bits, bytes or words 206, 207, 208) and cyclic
redundancy check (CRC) information 205. In some embodi-
ments, the bit-stream format 200 1s transmitted and recerved
using scrambled data 204.

[0030] FIG. 3 illustrates a bit-stream format 300 concat-
enating fixed length packets 301, 302, 303 with SEED values
309, according to various embodiments of the invention. Here
cach packet 301, 302, 303 includes information in the form of
data 304 (e.g., bits, bytes or words 306, 307, 308), CRC
information 305, and a SEED value 309, which represents the
mitial content of an LFSR.

[0031] FIG. 4 illustrates a bit-stream format 400 concat-
enating fixed length packets 401, 402, 403 with SEED and
POLY values 409, 410, according to various embodiments of
the invention. Here each packet 401, 402, 403 includes infor-
mation 1n the form of data 404 (e.g., bits, bytes or words 406,
407, 408), CRC mformation 405, a SEED value 409, and a
POLY value 410, which represents the polynomial descriptor

for the transform that has been selected, perhaps to be imple-
mented by an LFSR.

[0032] Thus, transmitters may operate to select different
initial content values, or SEEDs, for one or more LFSRs.
Transmitters that operate in this manner may transform a
given set of digital data input bits differently, using different
SEEDs, resulting in potentially different PAPR characteris-
tics for each selection. The transmitter can then include the

selected SEED within the bit-stream modulated for transmis-
sion, as shown in FIGS. 3 and 4.

[0033] A controller within the transmitter may operate to
account for the SEED 1nitial value indicator when calculating
the various PAPRs for each transformed digitized value, per-
haps as part of calculating optimization metrics for each
possible SEED given a LFSR configured to implement a
particular polynomial descriptor, POLY. Thus, transmitters in
some embodiments may use the PAPR as a predetermined

optimization criterion. In other embodiments, the SEED and/
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or POLY values that pertain to the transform used at the
transmitter may or may not (e.g., see FIG. 2) be included in
the formatted bit-stream and/or encoded, modulated wave-
forms. Likewise, various receiver embodiments at the
receiver may or may not use any SEED and/or POLY values
to decode transmitted packets. This tradeoif may involve
additional recerver complexity (more calculations), as vari-
ous possible combinations for SEED and/or POLY various
are tested to determine which produces a series of correctly

unscrambled packets.

[0034] In some embodiments, a controller calculates at
least one optimization metric relating to a predetermined
criterion (e.g., selecting a threshold acceptable error rate) for
at least one transform within a plurality of transtorms. The
controller may include a memory device to store one or more
optimization metrics, as determined by a predetermined cri-
terion. Memory devices may include one or more of a register
or cache memory within a microcontroller or microprocessor,
a register comprising of digital logic within a programmable
device and/or ASIC (application-specific integrated circuit),
random access memory (RAM), and non-volatile storage,
such as FLASH memory, programmable read-only memory,
and/or a hard-dnive.

[0035] The controller may operate to select a transform
from a plurality of transforms corresponding to a minimal
(1.e. a metric near a minimum) optimization metric, such as
the PAPR, or the minimum PAPR. Likewise, the controller
may operate to select an equivalent maximal (1.e. a metric

near a maximum ) optimization metric, such as 1/PAPR, or the
maximum 1/PAPR.

[0036] FIG. 3 illustrates transmission bit-streams 510 that
may be used to reduce PAPR, according to various embodi-
ments of the invention. Here it can be seen that scrambling the
data with a fixed POLY value and optimized SEED value
results 1n a reduction of PAPR 514 given the same input data
bitstream as in 512 that has not been optimized for PAPR.
Even further reduction in PAPR may be achieved by deter-
miming an optimized POLY value for a configurable LFSR
scrambler 1n conjunction with an optlmlzed SEED value for
the configurable LFSR scrambler as 1n 516 given the same
input data bitstream as 1 512 and 514. For illustration pur-
poses, FIG. 5 includes SEED and POLY values within the
transmission of the bit stream, slight increasing the time of
transmission. In practice, including SEED and POLY values
within the transmission may be useful to reduce receiver
complexity. However, in some embodiments, the system may
benelfit from selecting and using an optimized transform,
saving time by not including the SEED and POLY values 1n

the bit stream to be modulated.

[0037] Alternative embodiments of the optimization metric
may us the estimated probability of receiving a packet in
error, given channel state information. Likewise, the optimi-
zation metric might comprise using the estimated probability
ol receiving the packet correctly (e.g., a packet rejection
region may or may not be present in the metric).

[0038] A method embodiment operates to communicate
through a rock formation by calculating at least one optimi-
zation metric relating to a predetermined optimization crite-
rion, using the optimization metric to select one of a plurality
of 1initial state indicators available to a transmaitter, and scram-
bling digital data using the selected initial state indicator
(which may enable the recerver to perform an error-detection
check). Additional activities may include transmitting the
scrambled digital data through the rock formation using a
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modulated waveform comprising a superposition of multiple
wavelorms, receiving the transmitted wavelorm from the
rock formation, demodulating the recerved wavelorm 1nto a
plurality of demodulated values, and identifying packet errors
using the demodulated values, the selected transform, and an
error detection code.

[0039] FIG. 6 illustrates a block diagram of a transmuitter
610 and recerver 612, according to various embodiments of
the invention. FIG. 7 illustrates a block diagram of a trans-
mitter 710 and recerver 712, according to various embodi-
ments of the invention. FIG. 8 illustrates a block diagram of a
transmitter 810 and receiver 812, according to various
embodiments of the mvention.

[0040] Referring now to FIGS. 6-8, 1t can be seen that a
transmitter can operate on a concatenated sequence of nfor-
mation (comprising SEED and POLY values, as well as a data
payload 622) 620. A transmitted CRC processor 624 can
operate on its input (the mformation 620 in this case) to
calculate and append a CRC value to the information 620. A
FEC (forward error correction) encoder 630 may operate on
its iput (the mnformation 620, augmented by an associated
CRC value 1n this case, which provides augmented informa-
tion 626) to calculate and append error correcting code(s) to
the augmented 1information 626, providing additional infor-
mation 628.

[0041] The output of the FEC encoder 630 (1.¢., additional
information 1s scrambled by a scrambler 632, which may
comprise one or more transforms (e.g., transforms 100, 104),
perhaps taking the form of LFSRs. The operation of the
scrambler 632 may be influenced by POLY and SEED values
selected by the transmaission selector 634, which may 1n turn
be selected as fixed or variable values, perhaps according to
minimal/mimimum PAPR calculations, maximal/maximum
1/PAPR calculations, or other metric optimization calcula-
tions. The selected SEED and POLY values may be provided
to the concatenated sequence 620, as well as to the scrambler
632.

[0042] The output of the scrambler 632 1s modulated by the
modulator 636 (e.g., an OFDM or DSSS modulator), before
entering the communications channel 714 as transformed
data 638. The transformed data 638 may be amplified using a
power amplifier (not shown at the output of the transmitter
610).

[0043] A receiver 612 can operate to receive the trans-
formed data 638, which 1s demodulated by the demodulator
656 to provide demodulated data. A descrambler 652 (which
may be similar to or identical to the scrambler 632) can
operate on the demodulated data to provide descrambled data.
A FEC decoder 650 can apply the error correcting code(s) to
the descrambled data to provide a decoded data sequence 640.

[0044] The demodulator 656 may provide either hard or
soit detection. If soit detection 1s used, the payload bits may
be estimated by the estimator 642 and selectively applied,
using the selector 644, so that the correct CRC appears, as
calculated by the recetved CRC processor 646.

[0045] In FIGS. 7 and 8, the components of the transmitter
610 and recetver 612 shown in FIG. 6 have been arranged 1n
a different order, to permit processing acquired data (e.g.,
input bits 622) differently, providing essentially different
transmitter/receiver combinations 710, 712 and 810, 812.
Thus, many embodiments may be realized.

[0046] For example, some transmitter embodiments use
scramblers 632 that employ configurable LFSRs transmit the
polynomial descriptor, POLY, with the SEED descriptor, and
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may 1nclude one or both values within the optimization metric
and optimization criterion. The plurality of available trans-
forms may be implemented using at least one configurable
LFSR used to receive a polynomial indicator from a plurality
of possible polynomial indicators that described feedback
connections to the LFSR.

[0047] In some embodiments, the optimization metric and
predetermined optimization criterion 1n the transmitter may
or may not use peak or average powers or amplitude or their
rat10s. Indeed, the POLY and SEED indicators may or may
not be transmitted along with the transformed data (e.g., see
examples of different potential transmission bit streams 510,
prior to transformation, shown 1n FIG. 5).

[0048] The plurality of available transforms within a
scrambler may or may not utilize 1mitial values 1dentifying
different transforms. Receivers may or may not use formatted
data to exhaustively search for sequences that result in deter-
mimng the SEED and/or POLY values utilized by the trans-
mitter. The tradeoil in these cases may be receiver complexity
versus bandwidth efficiency.

[0049] In some embodiments, a transmitter within a com-
munications system transforms and transmits digital data
within a packet using a modulation resembling the superpo-
sition of multiple waveforms. The transmitter comprises an
amplifier having a peak output voltage with a selected
dynamic range, a plurality of available transforms, a trans-
form selector to select at least one of the transforms such that
the modulated output voltage of the amplifier provides at least
one packet of transformed digital values that avoids non-
linear distortion atter the application of an interpolation filter,
wherein the selected transtform enables error detection at the
receiver. The interpolation filter allows the insertion of data
into the bit stream, ahead of the amplifier. The transmitter
may comprise one or more connectors to provide connections
to a drill string and/or well casing.

[0050] In some embodiments, the transmitter includes a
plurality of 1nitial state indicators, and an 1nitial state indica-
tor selector to select at least one 1nitial state indicator from the
plurality of mnitial state indicators to avoid non-linear distor-
tion after the application of the interpolation filter. In some
embodiments, the transmitter includes a scrambler with a
plurality of configurations, a plurality of initial state indica-
tors, a scrambler configuration 1ndicator selector to select at
least one configuration from said plurality of configurations.

[0051] An apparatus may comprise a recerver electrically
coupled to a dnll string to receirve formatted digital data
transmitted via multiple waveform modulated electrical cur-
rent through a rock formation. The recerver may comprise a
sensor to receive a superposition of waveforms from the
current 1n the rock formation, a demodulator to estimate
transmitted digital values from the superposition of wave-
forms recerved by the sensor, and a plurality of transforms to
cnable transforming the received, estimated digital values.
The recerver may further comprise a controller to select at
least one transform from said plurality of transforms and to
transform the received, estimated digital values into digital
data representing data that was acquired by the transmitter.

[0052] The recerver may operate to demodulate multiple
wavelorm modulation comprising OFDM or DSSS. The
transforms may comprise LFSRs, with the ability to accept at
least one 1nitial shift register value from a plurality of possible
initial shift register values. One or more configurable LFSRs
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may be operable to recerve a polynomial indicator from a
plurality of possible polynomial indicators describing feed-
back connections.

[0053] In some embodiments, a controller operates to
select at least one 1n1tial shaft register value from a plurality of
possible 1nitial shift register values, to implement the selec-
tion of a transform. The controller may also operate to select
at least one polynomial indicator from a plurality of possible
polynomial indicators to implement selection of a transform.
The mitial shift register and polynomial indicator value(s)
may be selected at least 1n part based on said estimated trans-
mitted digital values. Other controller embodiments may
employ a plurality of LESRs configured using a correspond-
ing plurality of polynomial descriptors, corresponding to a
plurality of polynomial indicators.

[0054] Insomerecelvers, a scrambler may be configured to
receive at least one 1nitial state indicator from a plurality of
possible 1nitial state indicators, to generate a sequence of
numbers and transform said estimated digital values. The
associated controller may be configured to select at least one
initial state indicator from a plurality of possible initial state
indicators used 1n the transformation of said estimated digital
values. The scrambler may be used to generate a sequence of
numbers and transform digital data using Galois Field arith-
metic.

[0055] The controller in a transmitter or a receiver may
comprise a digital logic circuit, or a microprocessor circuit, or
a microcontroller circuit executing a program. A CRC pro-
cessing module may be used to provide a CRC value within
packets of formatted digital data, as part of the bit-stream. The
CRC processing module can operate to check recerved esti-
mated digital values, and to enable selection of at transformed
received estimated digital values from a plurality of trans-
forms.

[0056] The CRC processing module may be realized using
either hardware and/or software. The CRC processing mod-
ule uses a suificient number of bits along with a polynomaal
descriptor that, when combined, provides decoding error
detection to some desired threshold level of accuracy.

[0057] Insome embodiments, a system may comprise one
or more repeaters, each including a transmitter and a receiver.
The repeater may relay blindly and/or decode and re-encode
digitized data, wherein the re-encoding may or may not use
the same modulation coding scheme as the decoding. In the
case ol re-encoding, the repeater may select its own transform
indicator(s) via its own criteria or sumply reuse the same
SEED and POLY values obtained from the recerved signal.

[0058] Insome embodiments, rock formation communica-
tion 1s mitiated by selecting a transform from a plurality of
transform available at the transmitter, transforming digital
data using the selected transform (so as to enable the recerver
to perform an error-detection check), and transmitting trans-
tormed digital data through the rock formation using a modu-
lated wavetorm resembling a superposition of multiple wave-
forms. Communication 1s completed by receiving a
wavelorm from the rock formation in response to said trans-
mission, demodulating the recerved waveform 1n to a plural-
ity of demodulated values, and 1dentitying packet errors by
using the plurality of demodulated values, the selected trans-
form, and an error detection code value.

[0059] FIG. 9 illustrates a block diagram of a transmuitter
910 and recerver 912, according to various embodiments of
the invention. FIG. 10 1llustrates a block diagram of a trans-
mitter 1010 and receiver 1012, according to various embodi-




US 2013/0093597 Al

ments of the invention. In this case, the order of the compo-
nents of the transmitter 610 and recerver 612 shown in FIG. 6
have been re-arranged. The location and composition of the
concatenated sequence 960 has also been changed. In addi-
tion, the estimate provided by the estimator 962 to the selector
644 comprises both estimated acquired data bits and esti-
mated CRC bits. This permits processing the acquired data
(c.g., input bits 622) differently than what 1s available with
respect to the arrangements shown i FIGS. 6-8, providing
essentially different transmitter/receiver combinations 910,
912 and 1010, 1012. Thus, many embodiments may be real-
1zed.

[0060] An optimization metric may be calculated, where
the controller uses at least one PAPR of a transmitted modu-
lated wavetform to select at least one transformation of digital
data. The waveform may comprise interpolated samples
resulting from at least one interpolation filter connected in
series with an amplifier. Optimization may involve use of a
predetermined criterion, such as a measure of PAPR {for a
transmitted modulated waveform, or a characteristic of the
filter, to guide transform selection.

[0061] FIG. 11 1llustrates a block diagram of a transmuitter
1110 and recerver 1112, according to various embodiments of
the invention. FIG. 12 1llustrates a block diagram of a trans-
mitter 1210 and receiver 1212, according to various embodi-
ments of the invention. FI1G. 13 1llustrates a block diagram of
a transmitter 1310 and recerver 1312, according to various
embodiments of the mvention.

[0062] In this case, the order of the components of the
transmitter 610 and recerver 612 shown in FIG. 6 have been
re-arranged. The composition of the concatenated sequence
1168 has also been changed, resulting in a change of the
composition of the decoded data sequence 1170. This permits
processing the acquired data (e.g., input bits 622) differently
than what 1s available with respect to the arrangements shown
in FIGS. 6-8, providing essentially different transmitter/re-
ceiver combinations 1110, 1112, 1210,1212,and 1310, 1312.
Thus, many embodiments may be realized.

[0063] In providing a service to its clients, an o1l field
services company may practice various embodiments via a
method of receiving digital data packets through a rock for-
mation that comprises sensing at least one physical effect
caused by the propagation of a superposition of a plurality of
wavelorms from a multiple wavetform modulated electrical
current within the rock formation. The method may 1nclude
demodulating the superposition of the plurality of wavetforms
into a plurality of numerical values, estimating digital values
from said plurality of demodulated numerical values, trans-
forming said estimated digital values using at least one trans-
form selected from a plurality of transforms.

[0064] The sensed physical effect may include sending an
clectrical voltage drop across a distance 1n the rock formation,
due to the current passing through the rock formation.
Another physical effect that can be sensed 1includes changes
in magnetic fields observed using magnetometers.

[0065] In some embodiments, the estimated digital values
may be scrambled using at least one 1nitial state value selected
from a plurality of possible 1nitial state values. Polynomaial
indicators can be selected from a plurality of possible poly-
nomial indicators to configure the scrambler. Initial state
values can be selected from a plurality of possible initial state
values for this purpose, as well.

[0066] The process of selecting an 1nitial state value/indi-
cator, and/or a polynomial indicator may or may not take into
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account some of the estimated digital values. The recerver
may or may not operate to calculate CRC checksums using
transformed, estimated digital values to determine whether
digital data packets have been correctly recerved. The
receiver may or may not operate to search some or all possible
transforms, 1nitial state SEED values/indicators, and/or poly-
nomial indicators POLY to find a CRC value that indicates a
correct decoding event, or a checksum indicating a non-error
condition.

[0067] FIG. 14 1llustrates a block diagram of a transmuitter
1410 and recerver 1412, according to various embodiments of
the invention. FIG. 15 1llustrates a block diagram of a trans-
mitter 1510 and receiver 1512, according to various embodi-
ments of the invention. FIG. 16 1llustrates a block diagram of
a transmitter 1610 and receiver 1612, according to various
embodiments of the mvention.

[0068] In this case, the order of the components of the
transmitter 610 and recerver 612 shown 1n FIG. 6 have been
re-arranged. The location and composition of the concat-
enated sequence 1474 has also been changed, resulting 1n a
change of the composition of the decoded data sequence
1478. This permits processing the acquired data (e.g., input
bits 622) differently than what 1s available with respect to the
arrangements shown 1n FIGS. 6-8, providing essentially dii-

ferent transmitter/receiver combinations 1410, 1412, 1510,
1512, and 1610, 1612.

[0069] FIGS. 22-24 illustrate block diagrams of transmiut-
ters 2210, 2310, 2410 and recerwvers 2212, 2312, 2412,
according to various embodiments of the invention. In this
case, the order of the components of the transmitter 1610 and
receiver 1612 shown in FIG. 16 have been re-arranged. The
location and composition of the concatenated sequence 1474
has also been changed, resulting in a change of the composi-
tion of the decoded data sequence 1478 and 2478. This per-
mits processing the acquired data (e.g., mnput bits 622) difier-
ently than what 1s available with respect to the arrangements
shown 1n FIGS. 14-16, providing essentially different trans-
mitter/receiver combinations 2210, 2212, 2310, 2312, and

2410, 2412. Thus, many embodiments may be realized.

[0070] Insomeembodiments, a method of formatting digi-
tal data packets enabling transmission through a rock forma-
tion comprises receiving digital data, calculating a CRC using
said digital data, calculating optimization metrics for at least
one transform and modulation scheme associated with the
transmission of electrical current through a rock formation.
On or more transformations applied to the digital data may be
selected form a plurality of transformations on the basis of the
optimization metric calculation results.

[0071] The current passing through the rock formation may
be modulated by varying a voltage using the transformed
data. The optimization metrics may be calculated using at
least one 1n1tial scrambler state selected from a plurality of
possible 1nitial scrambler states. The digital data may be
scrambled to produce scrambled data, and the current passing
through the rock formation may be modulated by varying a
voltage using said scrambled data. In some embodiments,
methods may comprise calculating the optimization metrics
using the CRC, and generating parity data using a FEC
encoder, further comprising calculating the optimization met-
rics using said parity data.

[0072] Insome embodiments, transformations are selected
using a minimal or minimum optimization metric. In some
embodiments, the optimization metric may be calculated
using a maximal or maximum metric.
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[0073] Insomeembodiments, the optimization metric may
be calculated using the transmission time of a formatted
packet. In some embodiments, the optimization metric may
be calculated using the data rate of the formatted packet,
turther comprising interpolating said transformed data with a
filter, perhaps calculating optimization metrics use at least
one characteristic of interpolating filtering. Still more
embodiments may be realized.

[0074] FIG. 17 1s a block diagram of apparatus 1700
according to various embodiments of the mmvention. The
apparatus 1700 may comprise any one or more of the trans-
mitters and/or receivers shown in FIGS. 6-16, and 22-24.
Moreover, any one or more of the transmitters and/or receiv-
ers shown in FIGS. 6-16, and 22-24 may include scramblers
that comprise one or more of the transforms shown 1n FI1G. 1,
operating on the bit stream formats shown in FIGS. 2-4, as
appropriate.

[0075] Any of the transmitters described herein may com-
prise an interpolation filter and/or an amplifier, to provide an
amplified version of the transmitter output signal voltage that
results 1n propagating a current in the geological formation.
These components are not shown 1n many of the drawings so
as not to obscure the composition of various embodiments of
the mnvention. Similarly, any of the recervers described herein
may comprise one or more preamplifiers and/or reception
filters that provide amplified, filtered data to a demodulator.
These components are also not shown 1n many of the draw-
ings so as not to obscure the composition of various embodi-
ments of the invention.

[0076] In many embodiments, the apparatus 1700 com-
prises a combination of downhole instrumentation T, R, such
as acoustic transmitters T,-T,', T,-T,"and T5-T;"and acoustic
receivers R1, R2, and R3, attached to a drill string 1704. The
instrumentation T, R may also comprise other kinds of instru-
ments, such as magnetometers, electromagnetic transmaitters/
recelvers, antennas, etc.

[0077] The apparatus 1700 may also include hardware
logic 1740 and/or one or more processors 1730, perhaps
comprising a programmable drive and/or sampling control
system. The logic 1740 can be used to acquire formation data,
such as resisitivity. The data can be stored 1n a memory 1750,
perhaps using a database 1758.

[0078] A data transmitter and/or recerver 1744 (equivalent
to or 1dentical to the transmitters and/or recervers of FIGS.
6-16, and 22-24) can be used to communicate with a surface
1766 data processing system 1756, via a second transmitter
and/or recerver 1746 (which may also be equivalent to or
identical to the transmitters and/or recervers shown in FIGS.
6-16, and 22-24). Thus, the apparatus 1700 may fturther com-
prise a data transmitter 1744 (e.g., a telemetry transmitter or
transceiver) to transmit boundary distance and resistivity for-
mation parameters, and/or other data to a surface data pro-
cessing system 1756. The communication may occur via a
number of channels 1760, such as the drill string, the drilling
mud, the well casing, and/or the geological formation sur-
rounding the well casing. Some embodiments may include
systems comprising multiple instances of the apparatus 1700.
For example, such systems may include one or more trans-
mitters and/or recervers 1744 below the surface 1766, and/or
one or more transmitters and/or recervers 1746 above the
surface 1766. Thus, many embodiments may be realized.

[0079] For example, 1n the case of EMT, a MWD service
provider may use an electrical transmitting tool serially con-
nected to the drill-string 1704 to place a time-varying voltage
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potential across an insulator, such as a ceramic spacer. The
spacer may be located serially in the dnll string 1704 to
clectrically 1solate the bit from the drill-string 1704 attached
to the surface rnig, so as to produce time-varying electrical
currents in the surrounding rock formations. On the uplink
connection (e.g., using channel 1760), the down-hole electri-
cal tool varies the voltage across this insulator and thus varies
the current fields 1n the rock formation. A surface system
receiver (e.g., recerver 1746) observes one or more voltage
drops or magnetic changes (e.g., using magnetometers)
across distances at the surface 1766, between the drill-string
1704 and spatially separated grounding spikes. The current
used to communicate mnformation may comprise any of the
currents described herein.

[0080] If two-way communication 1s desired, a downlink
connection (e.g., using channel 1760) transmits information
from the surface rig to the down-hole electrical tool. The
surface system 1756 may use the potential across at least one
distance at the surface 1766, perhaps using the same set of
grounding spikes and the drll string used for reception of the
uplink information. Thus, the down-hole electrical tool 1s
capable of recerving a signal by observing the potential across
the insulating spacer.

[0081] In some embodiments, such as those used for MPT
and EMT communication, among others, the data transmaitter
and/or receiver 1744, 1746 include one or more transducers
and/or one or more sensors, respectively.

[0082] The transducers forming part of a transmitter may
comprise a number of components, such as a pulser (e.g.,
when MPT communication 1s used) to induce pulses in the
drilling fluid, or an amplifier (e.g., when EMT communica-
tion 1s used) to recerve a propagation signal, and to produce an
amplified version of the propagation signal in the geological
formation.

[0083] The sensors forming part of a recerver may also
comprise a number of components. For example, a sensor
may comprise one of a surface recerver configured to receive
a propagation signal from a sub-surface mud pulser (e.g.,
when MPT communication 1s used), or an electromagnetic
telemetry recewver (e.g., when EMT communication 1s used)
to receive the propagation signal from a sub-surface electro-
magnetic telemetry transmitter. Thus, many additional
embodiments may be realized.

[0084] For example, referring now to FIGS. 1-17, 1t can be
seen that an apparatus 1700 may comprise a scrambler mod-
ule to transform acquired data 1nto transformed data using at
least one transiorm selected from a plurality of transforms
according to an optimization metric calculation that operates
on single, fixed-length packets of the transformed data and/or
received data corresponding to the transformed data, and a
preselected quality criterion threshold. The apparatus 1700
may comprise an amplifier to recerve an electrical signal
including the transformed data, and to produce an amplified
version of the electrical signal 1n a geological formation via a
dr1ll string.

[0085] In some embodiments, the apparatus 1700 may
comprise an LFSR configurable to accomplish the atleast one
transiorm using at least one of a selectable mnitial SEED value
or a selectable polynomial indicator POLY. The apparatus
1700 may comprise a modulator to provide the electrical
signal by operating on the transformed data using OFDM or
DSSS modulation. The apparatus 1700 may comprise a CRC
processing module to generate a CRC value to be included in
the transformed data or the electrical signal.
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[0086] In some embodiments, the apparatus 1700 may
comprise an interpolation filter to operate on the transformed
data. The mterpolation filter may be located between the
modulator and the amplifier, for example. The apparatus 1700
may further comprise a portion of the drill string 1704 to
house the scrambler module and the amplifier. Thus, any of
the components of a down-hole tool 1762 may be housed by
or attached to the dnll string 1704.

[0087] The apparatus 1700 may also comprise reception
apparatus. For example, an apparatus 1700 may comprise a
sensor (€.g., a preamplifier and/or filter) to receive an ampli-
fied version of an electrical signal in a geological formation.
The apparatus 1700 may further comprise a descrambler
module to transform the electrical signal including trans-
formed data 1into an estimated version of acquired data using
at least one transform defined by at least one of a seed value
or a polynomial indicator. The at least one transform may be
selected from a plurality of transforms according to an opti-
mization metric calculation that operates on single, fixed-
length packets of the transformed data and/or the estimated
version, and a preselected quality criterion threshold. The
preselected quality criterion threshold may be based on at
least one of a PAPR of the electrical signal, the transformed
data, or an error rate of the estimated version.

[0088] The apparatus 1700 may further comprise a shiit
register (e.g., an LFSR) configurable to accomplish the at
least one transform using at least one of an 1nitial seed value
SEED or a polynomial indicator POLY contained 1n the elec-
trical signal.

[0089] In some embodiments, the apparatus 1700 1s elec-
trically coupled to a drill string. The apparatus 1700 can be
used to produce an electrical current that propagates through
a rock formation, and comprises a power source, an amplifier
clectrically connected to the power source, the amplifier
capable of pulsing an adjustable voltage output to produce
changes 1n electrical current pulsing through the rock forma-
tion. The apparatus 1700 further comprises a plurality of
transforms that are used to format digital data in packets. A
controller (e.g., a hardware processor) in the apparatus 1700
cnables the amplifier to create a plurality of changes 1n elec-
trical current passing through said rock formation, the current
comprising multiple waveform modulation, wherein the con-
troller formats the digital data into packets using a transform
selected from said plurality of transforms.

[0090] The multiple wavetorm modulation may comprise
OFDM or DSSS modulation. The plurality of transforms may
comprise one or more LFSRs configured to accept at least one
initial shift register value from a plurality of possible mitial
shift register values. The plurality of transforms may com-
prise one or more configurable LFSRs to receive a polyno-
mial imdicator from a plurality of possible polynomial 1ndi-
cators describing feedback connections.

[0091] The controller may operate to calculate one or more
optimization metrics relating to a predetermined criterion
threshold for at least one transform within the plurality of
transforms. A memory 1n the apparatus 1700 may be used to
store one or more optimization metrics determined by the
predetermined criterion threshold.

[0092] The controller may operate to select a transform
from said plurality of transforms corresponding to a minimal
or a minimum optimization metric. Similarly, the controller
may operate to select a transform from said plurality of trans-
forms corresponding to a maximal or a maximum optimiza-
tion metric. The optimization metric may be the estimated
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probability of recerving the packet in error, or of receiving the
packet correctly. The apparatus may further comprise a CRC
processing module enabling said controller to include a CRC
value within the packets of formatted digital data.

[0093] In some embodiments, the apparatus 1700 com-
prises a scrambler enabled to recerve at least one 1nitial state
indicator from a plurality ol possible initial state indicators, to
generate a sequence of numbers and transform digital data
using Galois Field arithmetic. The apparatus 1700 may fur-
ther comprise a controller enabling the amplifier to create a
plurality of changes in electrical current passing through a
rock formation resembling a multiple waveform modulation,
wherein the controller optimizes using a predefined criterion
that enables the scrambler to transform digital data into pack-
ets using an 1nitial state indicator selected from said plurality
of possible 1n1tial state indicators.

[0094] Calculating at least one optimization metric by the
controller may use at least one PAPR of a transmitted modu-
lated wavelorm corresponding to at least one transformation
of the digital data. The predetermined criterion may thus
include a measure of PAPR of a transmitted modulated wave-
form.

[0095] The apparatus 1700 may comprise at least one inter-
polation filter 1n series with the amplifier. The controller may
optimize using at least one characteristic of the filter in the
transform selection.

[0096] The apparatus 1700 may include a transform selec-
tor capable of selecting at least one transform from a plurality
of transforms such that the modulated output voltage of the
amplifier of at least one packet of transtormed digital values
avoilds non-linear distortion after processing by an interpola-
tion filter, and the selected transform enables error detection
at the receiver.

[0097] The apparatus 1700 may comprise an imtial state
indicator selector capable of selecting at least one 1mitial state
indicator from a plurality of 1nitial state indicators such that
the modulated voltage of at least one packet of transformed
digital values avoids non-linear distortion after processing by
an terpolation filter, wherein said selected transiform
enables error detection at the recerver.

[0098] In some embodiments, the apparatus 1700 electr-
cally connected with a dnll string may be configured to
receive formatted digital data transmitted via multiple wave-
form modulated electrical current through a rock formation.
The apparatus 1700 may comprise a sensor enabling the
reception of a superposition of wavetorms from said multiple
wavelorm modulated electrical current within said rock for-
mation, a demodulator enabling the estimation of said trans-
mitted digital values from said superposition of waveforms
received by said sensor, a plurality of transforms enabling at
least one transformation of said receirved estimated digital
values, and a controller (e.g., comprising processing hard-
ware, such as a microprocessor or a digital signal processor)
to select at least one transform from said plurality of trans-
forms and transform received estimated digital values.

[0099] The plurality of transforms may comprise at least
one LFSR configured to accept at least one 1nitial shiit regis-
ter value from a plurality of possible iitial shift register
values and/or to receive a polynomial indicator from a plu-
rality of possible polynomial indicators describing feedback
connections.

[0100] The controller may operate to select at least one
initial shift register value from a plurality of possible 1nitial
shift register values, enabling said transform selection. The
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controller may operate to select at least one polynomial indi-
cator from a plurality of possible polynomial indicators
enabling said transform selection.

[0101] The controller may operate to select selects said
selected 1mitial shift register value and/or said selected poly-
nomial indicator at least in part based on said estimated trans-
mitted digital values. The controller may employ a plurality
of LFSRs configured using a plurality of polynomial descrip-
tors, respectively, corresponding to a plurality of polynomaal
indicators, also respectively.

[0102] The apparatus 1700 may comprise a CRC process-
ing module enabling the checking of at least one check value
of said received estimated digital values wherein said module
also enables selection of transformed recerved estimated digi-
tal values from said plurality of transforms.

[0103] The apparatus 1700 may further comprise a scram-
bler to recerve at least one 1nitial state indicator from a plu-
rality of possible initial state indicators, to generate a
sequence ol numbers and transform said estimated digital
values, and a controller to select at least one initial state
indicator from said plurality of possible nitial state indicators
used 1n the transformation of said estimated digital values.
The scrambler may be configurable by receiving at least one
polynomial indicator from a plurality of possible polynomaal
indicators describing the configuration of the scrambler and
at least one 1nitial state indicator from a plurality of possible
initial state indicators, to generate a sequence of numbers and
transform said estimated digital values in response to receiv-
ing a polynomial indicator and an initial state indicator.

[0104] Some embodiments may comprise a system of mul-
tiple apparatus 1700—some of the apparatus 1700 operating,
as a transmitter, and some of the apparatus 1700 operating as
a recelver. Such systems may operate as a transcerver and/or
a repeater, as described previously.

[0105] Thus, a system to communicate through a rock for-
mation may comprise a transmitter to modulate a current
through a rock formation resembling the superposition of a
plurality of wavetforms. The system may further comprise a
plurality of transtorms accessible by said transmaitter enabling,
the transformation of digital data. A receiver may be included
in the system, the receiver operating to demodulate, to select
a transform from a plurality of transforms accessible by the
receiver, and to transform said transformed digital data using,
an error detection code to determine the digital data within at
least one packet.

[0106] FIG. 18 1llustrates a wireline system 1864 embodi-
ment of the mvention. FIG. 19 1llustrates a drilling rig system
1964 embodiment of the invention. Thus, the systems 1864,
1964 may comprise portions of a tool body 1870 as part of a
wireline logging operation, or of a downhole tool 1924 as part
of a downhole drilling operation. FIG. 18 shows a well during
wireline logging operations. A drilling platform 1886 1s
equipped with a derrick 1888 that supports a hoist 1890.

[0107] Drilling of o1l and gas wells 1s commonly carried out
using a string of drill pipes connected together so as to form
a drilling string that 1s lowered through a rotary table 1810
into a wellbore or borehole 1812. Here 1t 1s assumed that the
drilling string has been temporarily removed from the bore-
hole 1812 to allow a wireline logging tool body 1870, such as
a probe or sonde, to be lowered by wireline or logging cable
18774 1nto the borehole 1812. Typically, the tool body 1870 1s
lowered to the bottom of the region of interest and subse-
quently pulled upward at a substantially constant speed.
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[0108] During the upward trip, at a series ol depths the
istruments (e.g., the mstruments T, R shown 1n FI1G. 1700)
included 1n the tool body 1870 may be used to perform mea-
surements on the subsurface geological formations 1814
adjacent the borehole 1812 (and the tool body 1870). The
measurement data can be communicated to a surface logging
tacility 1892 for storage, processing, and analysis. Commu-
nication of the data may occur using any of the apparatus
1700 described herein. The logging facility 1892 may be
provided with electronic equipment for various types of sig-
nal processing, which may be implemented by any one or
more of the components of the apparatus 1700 1n FIG. 1700.
Similar formation evaluation data may be gathered and ana-
lyzed during drilling operations (e.g., during LWD opera-
tions, and by extension, sampling while drilling).

[0109] In some embodiments, the tool body 1870 com-
prises a formation resistivity tool for obtaining and analyzing
resistivity measurements from a subterranean formation
through a wellbore. The formation resistivity tool 1s sus-
pended 1n the wellbore by a wireline cable 1874 that connects
the tool to a surface control unit (e.g., comprising a worksta-
tion 1854). The formation resistivity tool may be deployed in
the wellbore on coiled tubing, jointed drill pipe, hard wired
drill pipe, or any other suitable deployment technique.

[0110] Turning now to FIG. 19, 1t can be seen how a system
1964 may also form a portion of a drilling rig 1902 located at
the surface 1904 of a well 1906. The dnlling rig 1902 may
provide support for a drill string 1908. The drill string 1908
may operate to penetrate a rotary table 1810 for drilling a
borehole 1812 through subsurface formations 1814. The drill
string 1908 may include a Kelly 1916, drill pipe 1918, and a
bottom hole assembly 1920, perhaps located at the lower
portion of the drll pipe 1918.

[0111] The bottom hole assembly 1920 may include drill
collars 1922, a downhole tool 1924, and a drill bit 1926. The
drill bit 1926 may operate to create a borehole 1812 by pen-
ctrating the surface 1904 and subsurface formations 1814.
The downhole tool 1924 may comprise any of a number of

different types of tools including MWD (measurement while
drilling) tools, LWD tools, and others.

[0112] During drilling operations, the drill string 1908 (per-
haps including the Kelly 1916, the drill pipe 1918, and the
bottom hole assembly 1920) may be rotated by the rotary
table 1810. In addition to, or alternatively, the bottom hole
assembly 1920 may also be rotated by a motor (e.g., a mud
motor) that 1s located downhole. The drill collars 1922 may be
used to add weight to the drill bit 1926. The drill collars 1922
may also operate to stiffen the bottom hole assembly 1920,
allowing the bottom hole assembly 1920 to transfer the added
weight to the drill bit 1926, and 1n turn, to assist the drill bit
1926 1n penetrating the surface 1904 and subsurface forma-

tions 1814.

[0113] During drilling operations, a mud pump 1932 may
pump drilling fluid (sometimes known by those of skill in the
art as “drilling mud”) from a mud pit 1934 through a hose
1936 into the drnll pipe 1918 and down to the drll bit 1926.
The drilling fluid can flow out from the drill bit 1926 and be
returned to the surface 1904 through an annular area 1940
between the drill pipe 1918 and the sides of the borehole
1812. The dnlling fluid may then be returned to the mud pit
1934, where such fluid 1s filtered. In some embodiments, the
drilling flmid can be used to cool the drill bit 1926, as well as
to provide lubrication for the drill bit 1926 during drilling
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operations. Additionally, the drilling fluid may be used to
remove subsurface formation 1814 cuttings created by oper-

ating the drill bit 1926.

[0114] Thus, referring now to FIGS. 1-19, it may be seen
that 1n some embodiments, the systems 1864, 1964 may
include a drill collar 1922, a downhole tool 1924, and/or a
wireline logging tool body 1870 to house one or more appa-
ratus 1700, similar to or identical to the apparatus 1700
described above and 1llustrated i FIG. 17. Additional appa-
ratus 1700 may be included 1n a surface processing facility,
such as the workstation 1854. Thus, for the purposes of this
document, the term “housing” may include any one or more
of a dnill collar 1922, a downhole tool apparatus 1924, and a
wireline logging tool body 1870 (all having an outer wall, to
enclose or attach to instrumentation, sensors, fluid sampling
devices, pressure measurement devices, transmitters, receiv-
ers, and data acquisition systems). The apparatus 1700 may
comprise a downhole tool, such as an LWD tool or MWD
tool. The tool body 1870 may comprise a wireline logging
tool, including a probe or sonde, for example, coupled to a
logging cable 1874. Many embodiments may thus be real-
1zed.

[0115] For example, in some embodiments, a system 1864,
1964 may include a display 1896 to present resistivity infor-
mation, both measured and predicted, as well as database
information, perhaps 1n graphic form. A system 1864, 1964
may also include computation logic, perhaps as part of a
surface logging facility 1892, or a computer workstation
1854, to receive signals from transmitters and receivers, and

other instrumentation to determine the distance to boundaries
in the formation 1814.

[0116] Thus, a system 1864, 1964 may comprise a down-
hole tool 1924, and one or more apparatus 1700 attached to
the downhole tool 1924, the apparatus 1700 to be constructed
and operated as described previously. Additional apparatus
1700 may be included at the surface, perhaps 1n the worksta-
tion 1854. In some embodiments, the downhole tool 1924
comprises one of a wireline tool or an MWD tool.

[0117] The apparatus 1700, and any components included
therein may all be characterized as “modules” herein. Such
modules may include hardware circuitry, and/or a processor
and/or memory circuits, soltware program modules and
objects, and/or firmware, and combinations thereof, as
desired by the architect of the apparatus 1700 and systems
1864, 1964 and as appropriate for particular implementations
ol various embodiments. For example, 1n some embodiments,
such modules may be included 1n an apparatus and/or system
operation simulation package, such as a software electrical
signal simulation package, a power usage and distribution
simulation package, a power/heat dissipation simulation
package, and/or a combination of software and hardware used
to simulate the operation of various potential embodiments.

[0118] It should also be understood that the apparatus and
systems of various embodiments can be used in applications
other than for logging operations, and thus, various embodi-
ments are not to be so limited. The 1llustrations of apparatus
1700 and systems 1864, 1964 are intended to provide a gen-
eral understanding of the structure of various embodiments,
and they are not intended to serve as a complete description of
all the elements and features of apparatus and systems that
might make use of the structures described herein.

[0119] Applications that may include the novel apparatus
and systems of various embodiments include electronic cir-
cuitry used 1n high-speed computers, communication and
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signal processing circuitry, modems, processor modules,
embedded processors, data switches, and application-specific
modules. Such apparatus and systems may further be
included as sub-components within a variety of electronic
systems, such as televisions, cellular telephones, personal
computers, workstations, radios, video players, vehicles, sig-
nal processing for geothermal tools and smart transducer
interface node telemetry systems, among others. Some
embodiments include a number of methods.

[0120] For example, FIG. 20 1s a flow chart illustrating
several methods 2011 according to various embodiments of
the mvention. In some embodiments, a computer-imple-
mented method 2011 may begin at block 2021 with acquiring
data, perhaps from a down-hole tool carrying a variety of
instrumentation.

[0121] The method 2011 may continue on to block 2025
with formatting the acquired data into the single, fixed length
packets, each of the packets including at least one of an 1nitial
seed value or a polynomial indicator used 1n the transforming.
The formatting can occur prior to transformation, or after
transformation.

[0122] The method 2011 may continue on to block 2029

with calculating at least one of a cyclic redundancy checksum
or parity data using at least one of the acquired data or the
transformed data. The activity at block 2029 may further
includeinserting the at least one of the CRC or parity data into
at least one of the fixed-length packets.

[0123] The method 2011 may continue on to block 2033
with calculating an optimization metric using at least one
initial scrambler state selected from a plurality of initial

scrambler states corresponding to a fixed scrambler configu-
ration and a selected modulation scheme.

[0124] The method 2011 may continue on to block 2037 to
determine whether the calculated optimization metric indi-
cates and acceptable level of PAPR in the data stream to be
transmitted, or perhaps an acceptable level of non-linear dis-

tortion—in either case, when compared to a selected quality
criterion threshold.

[0125] Thus, 1f the threshold value 1s met at block 2037, the
method 2011 may continue on to block 2041 with selecting at
least one transform such that the amplified version has less
than a selected amount of PAPR, or non-linear distortion, or
some other measure of signal quality corresponding to a
preselected quality criterion threshold. IT the threshold value
1s not met at block 2037, then the method 2011 may return to
block 2033, to include selecting different values for initial
scrambler states and/or transforms implemented by the
scrambler.

[0126] The method 2011 may continue on to block 2045
from either of blocks 2037 or 2041, to include transforming
acquired data into transformed data using at least one trans-
form selected from a plurality of transtorms according to an
optimization metric calculation that operates on single, fixed-
length packets of the transformed data, and a preselected
quality criterion threshold.

[0127] The method 2011 may continue on to block 2047

with modulating the electrical signal using the transformed
data to provide the electrical signal as a superposition of
wavetorms.

[0128] In some embodiments, the method 2011 1ncludes
filtering the transformed data (e.g., using an nterpolation
filter), and then amplifying the data prior to transmission, at

block 2049.
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[0129] The method 2011 may continue on to block 2053
with transmitting an amplified version of an electrical signal
in a geological formation, the electrical signal including the
transiformed data.

[0130] The method 2011 may continue on to block 2057 to
include recerving an amplified version of an electrical signal
in a geological formation, the electrical signal including
transformed data.

[0131] Themethod 2011 may continue on to block 2059, to
include demodulating the amplified version as a superposi-
tion of a plurality of wavelorms into a plurality of numerical
values comprising the transformed data.

[0132] The method 2011 may continue on to block 2061 to
include configuring a descrambler to accomplish transforma-
tion (at block 2065) based on at least one of an 1nitial seed
value or a polynomial indicator, each selected according to a
preselected quality criterion threshold, which may be the
same or different as the threshold selected for the transmis-
$101 Process.

[0133] The method 2011 may continue on to block 2065 to
include transforming the transformed data into an estimate of
acquired data, the transforming using at least one transform
selected from a plurality of transforms according to an opti-
mization metric calculation that operates on single, fixed-
length packets of the transformed data and/or the estimate,
and the preselected quality criterion threshold.

[0134] The method 2011 may continue on to block 2069 to
include parsing the estimate of acquired data to determine at
least one of a cyclic redundancy checksum or parity data, and
determining an error rate in the estimate based on the cyclic
redundancy checksum and/or parity data.

[0135] At block 2073, the method 2011 may include com-
paring the error rate (or the PAPR, or some other measure of
quality) with the preselected quality criterion threshold. If the
quality of the receirved data 1s found to meet the desired,
measurable level of quality, then the method 2011 may end at
block 2077. Otherwise, the method 2011 may include return-
ing to block 2061, to include re-configuring the descrambler

by choosing different initial SEED values, or different trans-
form POLY wvalues.

[0136] The activity at blocks 2061 and 2073 may thus com-
prise determining at least one of an i1mtial seed value or a
polynomial indicator associated with the transformed data by
attempting the transformation using multiple values of the
initial seed value and/or the polynomial indicator until check
data in the estimate indicates existence of a correct value.
Many additional embodiments may be realized.

[0137] For example, a method of formatting digital data
packet enabling transmission through a rock formation may
comprise acquiring digital data, calculating a cyclic redun-
dancy checksum using said digital data, calculating optimi-
zation metrics for at least one transform and modulation
scheme suitable to propagate electrical current passing
through a rock formation, the current communicating a plu-
rality of transformations using said digital data, selecting a
transformation using said optimization metrics, and generat-
ing transformed data using said digital data.

[0138] In another embodiment, a method of transmitting
digital data packets through a rock formation may comprise
acquiring digital data, calculating a cyclic redundancy check-
sum using said digital data, calculating optimization metrics
for at least one transform and modulation scheme suitable for
propagating electrical current through a rock formation, the
current communicating a plurality of transformations using
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said digital data, selecting a transformation using said opti-
mization metrics, generating transformed data using said
digital data, and modulating the current passing through the
rock formation by varying a voltage using said transformed
data.

[0139] In another embodiment, a method of transmitting
digital data packets through a rock formation may comprise
acquiring digital data, calculating a cyclic redundancy check-
sum using said digital data, calculating optimization metrics
using at least one 1nitial scrambler state from a plurality of
possible initial scrambler states of a predetermined scrambler
configuration and a modulation scheme suitable to propagate
electrical current through a rock formation, the current com-
municating a plurality of transformations using said digital
data. The method may further comprise selecting an itial
scrambler state for said predetermined scrambler configura-
tion using said optimization metrics, scrambling said digital
data to produce scrambled data, and modulating the current
passing through the rock formation by varying a voltage using
said scrambled data.

[0140] In another embodiment, a method of transmitting
digital data packets through a rock formation may comprise
acquiring digital data, calculating a cyclic redundancy check-
sum using said digital data, calculating optimization metrics
using at least one 1nitial scrambler state selected from a plu-
rality of possible 1mitial scrambler states for at least one
scrambler configuration from a plurality of possible scram-
bler configurations, and selecting a modulation scheme suit-
able to propagate electrical current through a rock formation,
the current commumicating a plurality of transformations
using said digital data. The method may further comprise
selecting at least one scrambler configuration and at least one
initial scrambler state using said optimization metrics, scram-
bling said digital data to produce scrambled data, and modu-
lating the current passing through the rock formation by vary-
ing a voltage using said scrambled data.

[0141] Various methods may include calculating the opti-
mization metrics using a cyclic redundancy checksum and/or
parity data. Thus, the methods may comprise generating par-
ity data using a forward error correction encoder. The cyclic

redundancy checksum may be calculated using said parity
data.

[0142] One or more transiformations may be selected using
a minimal or minimum optimization metric. Similarly, one or
more transformation may be selected using a maximal or
maximum optimization metric.

[0143] Theoptimization metric may be calculated using the
transmission time of the formatted packet and/or the data rate
of the formatted packet. Some embodiments may comprise
interpolating said transtformed data with a filter, and perhaps
calculating optimization metrics using at least one character-
istic of said filtering.

[0144] In an embodiment, a method of receving digital
data packets through a rock formation may comprise sensing
at least one physical effect of the superposition of a plurality
of wavelorms from a multiple wavetform modulated electrical
current within said rock formation, demodulating said super-
position of a plurality of waveforms into a plurality of numeri-
cal values, estimating digital values from said plurality of
demodulated numerical values, transforming said estimated
digital values using at least one transform selected from a
plurality of transforms.

[0145] In an embodiment, a method of receving digital
data packets through a rock formation may comprise sensing
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at least one physical effect of the superposition of a plurality
of wavelorms from a multiple wavelform modulated electrical
current within said rock formation, demodulating said super-
position of a plurality of wavelorms into a plurality of numeri-
cal values, estimating digital values from said plurality of
demodulated numerical values, scrambling said estimated
digital values using at least one 1nitial state value selected
from a plurality of possible 1nitial state values, and selecting
at least one 1nitial state value from said plurality of possible
initial state values.

[0146] In an embodiment, a method of receving digital
data packets through a rock formation may comprise sensing
at least one physical effect of the superposition of a plurality
of wavetorms from a multiple wavetform modulated electrical
current within said rock formation, demodulating said super-
position of a plurality of wavelforms into a plurality of numeri-
cal values, estimating digital values from said plurality of
demodulated numerical values, selecting at least one polyno-
mial indicator from a plurality of possible polynomial indi-
cators, configuring a scrambler using at least in part the
selected polynomial indicator, and scrambling said estimated
digital values using at least one 1nitial state value selected
from a plurality of possible initial state values.

[0147] The selection of at least one 1nitial state value may
use at least a portion of said estimated digital values. Simi-
larly, the selection of at least one polynomial indicator may at
least a portion of said estimated digital values.

[0148] In some embodiments, the method may comprise
calculating at least one cyclic redundancy checksum using
transiformed estimated digital values to enable determination
of whether digital packets have been recerved correctly, or 1n
eITor.

[0149] In some embodiments, the method may comprise
determining a correct decoding event for said received digital
packet by calculating a plurality of cyclic redundancy check-
sums of a plurality of transformed estimated digital values,
respectively, and ceasing additional calculations of cyclic
redundancy checksums for a given received digital packet
upon the occurrence of a correct checksum check event.

[0150] In an embodiment, a method of communicating
through a rock formation may comprise selecting a transform
from a plurality of transforms available to a transmitter, trans-
forming digital data using said selected transform enabling
the receiver to perform an error-detection check, transmitting
transformed digital data through a rock formation using a
modulated wavelorm resembling a superposition of multiple
wavelorms, recerving the wavetform from the rock formation,
demodulating said received waveform in to a plurality of
demodulated values, and 1dentifying packet errors by using
said plurality of demodulated values, said selected transform,
and an error detection code value.

[0151] In an embodiment, a method of communicating
through a rock formation may comprise calculating at least
one optimization metric relating to a predetermined optimi-
zation criterion, selecting a initial state indicator from a plu-
rality of initial state indicators available to the transmitter
using said at least one ol optimization metric, scrambling
digital data using said selected 1nitial state indicator enabling
the recerver to perform an error-detection check, transmitting,
said scrambled digital data through a rock formation using a
modulated wavelorm resembling a superposition of multiple
wavelorms, recerving a wavelorm from a rock formation in
response to said transmitted modulated wavetform, demodu-
lating said recerved wavetorm into a plurality of demodulated
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values, and 1dentifying packet errors by using said plurality of
demodulated values, said selected transform, and an error
detection code.

[0152] It should benoted that the methods described herein

do not have to be executed in the order described, or in any
particular order. Moreover, various activities described with
respect to the methods 1dentified herein can be executed in
iterative, serial, or parallel fashion. The various elements of
each method can be substituted, one for another, within and
between methods. Information, including parameters, com-
mands, operands, and other data, can be sent and received in
the form of one or more carrier waves.

[0153] Upon reading and comprehending the content of
this disclosure, one of ordinary skill in the art will understand
the manner 1n which a software program can be launched
from a computer-readable medium 1n a computer-based sys-
tem to execute the functions defined 1n the software program.
One of ordinary skill 1in the art will further understand the
various programming languages that may be employed to
create one or more software programs designed to implement
and perform the methods disclosed herein. The programs may
be structured 1n an object-orientated format using an object-
oriented language such as Java or C#. Alternatively, the pro-
grams can be structured in a procedure-orientated format
using a procedural language, such as assembly or C. The
soltware components may communicate using any of a num-
ber of mechanisms well known to those skilled in the art, such
as application program interfaces or interprocess communi-
cation techmques, including remote procedure calls. The
teachings ol various embodiments are not limited to any
particular programming language or environment. Thus,
other embodiments may be realized.

[0154] Forexample, FIG. 21 1s a block diagram of an article
2100 according to various embodiments of the ivention,
such as a computer, a memory system, a magnetic or optical
disk, or some other storage device. The article 2100 may
include one or more processors 2116 coupled to a machine-
accessible medium such as a memory 2136 (e.g., removable
storage media, as well as any tangible, non-transitory
memory 1ncluding an electrical, optical, or electromagnetic
conductor) having associated mformation 2138 (e.g., com-
puter program 1nstructions and/or data), which when
executed by one or more of the processors 2116, results in a
machine (e.g., the article 2100) performing any of the actions
described with respect to the apparatus, systems, and methods

of FIGS. 1-20.

[0155] In some embodiments, the article 2100 may com-
prise one or more processors 2116 coupled to a display 2118
to display data processed by the processor 2116 and/or a
wired or wireless transceiver 1744 (e.g., a downhole telem-
etry transceiver) to receive and transmit data processed by the
Processor.

[0156] The memory system(s) included 1n the article 2100
may include memory 2136 comprising volatile memory (e.g.,
dynamic random access memory) and/or non-volatile
memory. The memory 2136 may be used to store data 2140
processed by the processor 2116, such as data acquired by
down-hole tool instrumentation.

[0157] Invarious embodiments, the article 2100 may com-
prise communication apparatus 2122, which may i turn
include amplifiers 2126 (e.g., preamplifiers or power ampli-
fiers) and/or filters (e.g., interpolation filters, noise reduction
filters, etc.). In some embodiments, the apparatus 2122 may
comprise one or more transducers 2128 and/or one or more
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sensors 2130 coupled to the transmitter and receiver included
in the transceiver 1744. Signals 2142 recerved or transmitted
by the communication apparatus 2122 may be processed
according to the methods described herein.

[0158] Many variations of the article 2100 are possible. For
example, 1 various embodiments, the article 2100 may form
part of a downhole tool, including any one or more parts of the
apparatus 1700 shown 1n FIG. 17.

[0159] Up to this point, a family of novel approaches using
transformations (e.g. scrambling with different polynomaials
and 1nitial state values) 1n the formatting of packet payloads
of a predetermined length to reduce PAPR during EMT com-
munications, among others, have been described. However,
still further embodiments are possible, employing differential
pulse position modulation (DPPM) to reduce transmission
time 1n MPT, EMT, and other communications systems. In
this case, DPPM 1s used as a modulation format to stream a
single data stream, rather than OFDM and DSSS modulation
schemes that are meant to stream a plurality of symbols at the

same time. These embodiments will now be discussed in
detail.

[0160] In most embodiments, a plurality of transforms are
used with a set of scramblers to transform a data packet of
predetermined length; DPPM 1s used to compress the trans-
mission time for a given single data stream. Such embodi-
ments can be desirable when the use of OFDM and/or DSSS

1s not possible.

[0161] MPT employs apulser apparatus to produced modu-
lated pressure pulses in drilling fluid. The pulser apparatus
may be known as either a “positive” and/or “negative” pulser.
A positive pulser operates to restrict the flow of drilling fluids
traveling to the bit by way of a valve mechanism (e.g., poppet
and orifice, or stator and rotor). The restriction creates a
positive pressure change above the valve mechamism that
travels along the drill string to the surface, where a pressure
transducer or other sensor that may determine the pressure
changes within the dnlling g plumbing senses the positive
pressure change. By opening the valve, the pulser removes the
restriction and the pressure returns to ambient levels timed
relative to the closing of the valve. In this way, a positive
pulser creates a positive pulse within the drll pipe.

[0162] A negative pulser opens a passage way (e.g., using
gate and seat, or gate and knife valves) between the 1nside of
the drill-string, where the pressure 1s relatively high, and the
annulus, where the pressure is relatively low. Thus, the nega-
tive pulser creates a negative pressure change within the drill-
string when the passage way 1s open, with the pressure return-
ing to the previous ambient state when the passage way 1s
closed. In this way, a negative pulser creates a negative pulse
within the drill pipe.

[0163] For both positive and negative pulses, the pressure
change travels along inside the drill-string until 1ts energy 1s
dissipated. Either manner of actuating a valve creates a single
pulse, and a collection of pulses (either positive and/or nega-
tive) can be created to effectively modulate pressure within
the drill-string. The pressure modulation travels along the
drilling pipe 1n both directions (possibly with different signs
and magnitudes) behaving much like an acoustic sound pres-
sure wave. These pressure waves attenuate, reflect, and
become spectrally shaped by the various pipe geometries and
fluid properties, and eventually, these spectrally shaped
residual signals reach drilling rig at the surface.

[0164] At the surface, sensors recerve the pulse wavetorm,
which may be digitized, recorded, and interpreted by a sur-
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face processor (e.g. a computer, digital signal processor, etc.).
Thus, a mud pulser modulates pressure waves within a drill
string (and not a rock formation as in EMT) as a way to make
a physical encoded representation of data. If observed at the
surface with suflicient power relative to the noise power (1.e.,
assuming a suilicient SNR to recover the pulse train), at least
one surface processor may operate to extract the encoded data
by way of demodulating and/or decoding. Other embodi-
ments may use multiple processors operating independently
or collectively to accomplish the same result.

[0165] The pulser may use any number of digital modula-
tion schemes that are often considered continuous-wavetorm
signaling (1.e. continuously pulsed at a given rate where the
relative frequency may encode data) or discrete-wavetorm
signaling, where the time-location of discrete pulses indicate
information. An example of continuous-waveform signaling
1s Frequency Modulation (FM). A spinning type valve, e.g.
rotor and stator, may continuously spin, with a varying rate of
spin used to encode information.

[0166] Two examples of discrete-wavelorm signaling are
Pulse Position Modulation (PPM) and DPPM. In PPM, the
transmitter encodes data with the pulse location appearing
within a constant symbol duration that repeats sequentially in
a linear fashion. DPPM is a variation on PPM, where infor-
mation 1s encoded via the time interval between pulses, and
symbol durations are different for different values—unlike
the constant duration of PPM where all symbol durations are

the same. Both DPPM and PPM are forms of On-Off-Keying
OOK), 1.e. discrete-pulsing.

[0167] InPPM,the absolute quantized time-location within
a periodic time slot (symbol duration) indicates the data
value, rather than the quantized differential time between
pulses. The order of quantization indicates the number of bits
per pulse, 1.e., the modulation order. Since PPM has a fixed
symbol duration for all of the data values, the duration 1s
divided such that the number of possible pulse locations (e.g.,
2,048) are typically umiformly distributed to represent K bits
within the constant symbol duration time period. For
example, 1f one PPM symbol takes 500 msec to transmit, then
cach of the 2,048 possible PPM symbols each take 500 msec
to transmit, and the data value transmitted will indicate where
within the 500 msec time period the transmitter 1s to place the
pulse. Thus, there may be trailing-zeros (unused time) after a
pulse that indicates the symbol value. Thus, 11 within the 500
msec PPM transmission example, 11 a pulse of 100 msec starts
at 200 msec and end at 300 msec within the 500 msec symbol
window, then the time from 300 msec until 500 msec consti-
tutes trailing-zeros. The next symbol 1s not allowed to start
transmission until the mitial 500 msec window ends—to
begin the next 500 msec time epoch.

[0168] In DPPM, which 1s a dervative of PPM, the trans-
mission ol each symbol truncates trailing zeros, so that
DPPM symbols have different time durations. In other words,
DPPM permits the next symbol time period to begin as soon
as the pulse for the prior symbol ends—there are no trailing
Zeroes.

[0169] Inmostembodiments of DDPM, the time nterval 1s
no longer fixed—it 1s the time difference between two adja-
cent pulses. In one embodiment, the interval 1s determined as
a Tunction of three parameters and the data which 1t repre-
sents. The three parameters are the Mimmum Pulse Interval
(MPI) time increment, the Bits-Per-Interval (BPI), and the
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relationship defined by the time period At between pulses
(m-1) and m, for m=1, 2, 3, . . . to the number of symbols
transmuitted.

[0170] First, the pulser, e.g., transmitter, will create a pulse
(e1ther positive or negative) at a time t, to indicate a first pulse
time marker of a series of pulses that follow. A second pulse
follow the first pulse at time t,, indicating a second time
marker representing a first data value. Subsequently, each m”
datavalue, d_, 1s represented by the “time interval difference™
according to:

Aty = by — lgn_1) // The time between m™ and (m — 1) pulses

= Tupr + (AT Xd,;,,) // when a mimimum pulse interval 1s used,

where T, ,, represents a non-negative MPI, AT represents the
smallest positive time resolution between encoded data val-
ues, d_ represents K bits to be transmitted by the m” interval
At (where K 1s the “modulation order” and the time 1nterval
At along with the pulse marking t_ 1s the “symbol”). Other
embodiments use the preceding pulse (e.g., the (m-1)"
pulse), up to the start of the current m” pulse to represent the
“symbol”.

[0171] In one embodiment, let the N data elements be
described as a (1xN) non-negative vector d=[d,, d,, . . ., dy/]
with values d=[2, 1, ..., 10]5 ,<zo represent 4 bits each (1.¢.
[0010, 0001, . .., 1010]5,cx,). Assume T,,,~100 msec,
AT=50msec, K=4 [bits/interval |, thenusing At =T, . +(ATx
d._ ) the time 1ntervals for d are:

13

K=4
bits/interval

Decimal Binary

13 1101
14 1110
15 1111

TABL.
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H I-continued

K =5 bits/interval

Decimal

13
14
15

Binary Decimal Binary

01101 29 11101
01110 30 11110
01111 31 11111

TABLE II

K = 6 bits/interval

Decimal

T N T R N e N~ < B M e L B " PR Ry

Arp = 100 [msec] + (50 [msec]|x2) =200 [msec] /{ represents 2 1n decimal and [0010] in binary

A, = 100 [msec| + (50 [msec]|x 1) =150 [msec] /{ represents 1 1n decimal and [0001] 1n binary

Ary = 100 [msec] + (30 [msec]|x 10) =200 |[msec| [/ represents 10 1in decimal and [1010] in binary

where d_ is the decimal representation of the m” set of K bits.

[0172] Using naturally ordered symbol mapping, this
embodiment may have a symbol-to-binary mapping (and vice
versa) as shown in Table I for K=4 and K=5 bits/interval.
Table II illustrates a symbol-to-binary mapping (and vice
versa) for K=6 bits/interval.

TABLE I

K=4
bits/interval K = 5 bits/interval

Decimal Binary Decimal Binary Decimal Binary

0 0000 0 00000 16 10000
1 0001 1 00001 17 10001
2 0010 2 00010 1% 10010
3 0011 3 00011 19 10011
4 0100 4 00100 20 10100
5 0101 S 00101 21 10101
0 0110 0 00110 22 10110
7 0111 7 00111 23 10111
8 1000 8 01000 24 11000
9 1001 9 01001 25 11001
10 1010 10 01010 26 11010
11 1011 11 01011 27 11011
12 1100 12 01100 2% 11100

Binary

000000
000001
000010
000011
000100
000101
000110
000111
001000
001001
001010
001011
001100
001101
001110
001111
010000

TABLE II-continued

K = 6 bits/interval

Decimal

17
1%
19
20
21
22
23

24
25
26
27
2%
29
30
31
32
33
34
35
36
37
3%

o o000 00000000000
, o
S
&

100000
100001
100010
100011
100100
100101
100110
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TABLE II-continued

K = 6 bits/interval

Decimal Binary
39 100111
40 101000
41 101001
42 101010
43 101011
44 101100
45 101101
46 101110
47 101111
48 110000
49 110001
50 110010
51 110011
52 110100
53 110101
54 110110
55 110111
56 111000
57 111001
58 111010
59 111011
60 111100
61 111101
62 111110
63 111111

[0173] It should be noted that some of the examples given
herein are directed to MPT using drilling fluids as a transmis-
sion medium (and EMT systems with rock formations for the
medium), with DPPM as a modulation encoding scheme.
However, 1nstead of attempting to address MPT and EMT 1n
a parallel fashion, this document will focus on MPT {for
reasons of simplicity and brevity. Therefore, the focus 1s not
seen to be applied 1 a limiting fashion; any of the embodi-
ments described herein can be applied to MPT as well as to
EMT systems, unless specifically noted otherwise.

[0174] In some embodiments, a pulsing apparatus com-
prises a valve that modulates the pressure of drilling fluids
within a drill string; an electronic controller coupled to said
valve; at least one sensor for measuring a parameter within a
borehole; an encoding processor coupled to said sensor and
said electronic controller that recerves, formats and controls
the electrical signaling that actuates said valve according to at
least 1in part to a single sensor measurement (or sensor data)
whereby the valve modulates the drilling fluid according to an
encoded format employing time compression of a packet of
information contaiming a representation of said sensor mea-
surement via a data transformation selected from a set of data
transformations.

[0175] The encoding processor may further comprise an
adaptable LFSR configured as a scrambler to transform said
sensor data into a formatted packets suitable for transmission,
that would be shorter 1n time duration when using DPPM than
without using DPPM (1.e., a faster transmission results with
transformation, than with no transformation). Additional
encoder embodiments may further comprise an encoded for-
mat containing an indicator of a transform within a set con-
taining a plurality of transforms. In an embodiment, this may
take the form of an 1nitial state of the shift register within the
scrambler, comprising a SEED value. Embodiments of this
scrambler may be implemented 1n either hardware and/or
software. Additional encoder embodiments may include a
polynomial representation 1n said format indicating the poly-
nomial configuration of the LFSR. This may be denoted by a
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POLY field within the encoded packet format. This embodi-
ment allows for the selection of the set of transforms where
cach polynomial represents a set of different transforms.

[0176] In another embodiment, a receiving apparatus com-
prises a pressure transducer capable of providing an analog
value 1n relation to the pressure within a drilling fluid; an
analog-to-digital converter capable of creating digital values
from analog measurements coupled to said pressure trans-
ducer; a decoding processor coupled to said analog-to-digital
converter, the processor capable of recerving digital values
representing the recerved modulated pressure changes within
said drilling fluid and further capable of interpreting the
modulation created by a valve actuated 1n accordance to a
data transformation of a time compressed encoded data
packet containing a value relating at least 1n part to a sensor
reading where said data transformation 1s one transformation
ol a set comprising of a plurality data transformations.

[0177] Inan embodiment, the decoding processor may fur-
ther comprise an adaptable LFSR configured as a scrambler
to transiorm and interpret said packet format, so as to retrieve
said encoded sensor data. The decoding processor embodi-
ment may operate to decode a SEED value, configuring the
initial scrambler state, and unscrambling the payload. Addi-
tional decoder embodiments may comprise a recerver capable
of retrieving a POLY field value and/or a SEED field value to
configure the scrambler for the set of transforms 1ndicated by
the value of the POLY field, and the specific transform within
the set using the SEED value. The scrambler may then be
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configured to unscramble the payload using the SEED and/or
POLY values.

[0178] A system embodiment may be used to communicate
through drilling fluid, and comprises a transmitter enabled to
modulate said drilling fluid through a drnll string using
DPPM; a plurality of transforms accessible by said transmiut-
ter enabling the transformation of digital data into a trans-
formed data set that takes less time to transmit (using DPPM
than without using DPPM); a receiver enabled to demodulate
the modulated data, to select a transform from a plurality of
transforms accessible by said recetver (similar to or 1dentical
to the plurality of transforms accessible by said transmutter),
and to transform said transformed digital data using an error
detection code to determine the digital data within atleast one
packet.

[0179] Thus at the transmuitter, a transform can be selected
from a set of transforms and implemented by a LFSR config-
ured according to a polynomial descriptor POLY, accepting
an 1mtial state value SEED for the memory elements within
the LFSR. The number of memory elements in the LFSR may
indicate the largest possible cardinality of the transform set.
Thus, the transmitter may include one or more scramblers
using a LFSR to transtorm digital values according to a poly-
nomial indicator POLY and the initial value SEED, possibly
using Galois Field arithmetic.

[0180] When communicating through the fluids surround-
ing a drill string 1n a borehole, in some embodiments, a
transmitter modulates the pressure in the fluid using a
sequence of pulses. A plurality of imitial state indicators (e.g.,
SEED values) are accessible to the transmitter to enable
scrambling the digital data. A corresponding receiver
demodulates the modulated data, selecting an initial state
indicator SEED from a plurality of initial state indicators
accessible to the receiver (which may be similar to or i1dent-
cal to the plurality of 1initial state indicators accessible to the
transmitter). The recerved data may be transformed mnto digi-
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tal data using the scrambler and an error detection code to
determine the digital data within at least one packet.

[0181] By using different initial values for the LFSR, some
of the transmitter embodiments of this invention may select
from a plurality of 1nitial values. Hence, the transmitter may
transform the mcoming digital values differently by selecting
a difference SEED wvalue, which i1s the initial value of the
LFSR, resulting 1n possibly diflerent data transmission times
via DPPM for each possible SEED selection. In some
embodiments, the SEED value selected by the transmaitter 1s
included w1th1n the bit-stream modulated for transmission. A
processor within the transmitter may operate to account for
the SEED value when calculating the various times to trans-
mit the payload for the transformed digitized values (1.e.
calculating optimization metrics for each possible SEED
given a LFSR configured to a polynomial descriptor POLY).
The time calculated to complete transmitting a payload can be
used as a predetermined optimization criterion. In some
embodiments, the SEED and/or POLY values that pertain to
the transformed data used at the transmitter may or may not be
included 1n the formatted bit-stream and/or encoded, modu-
lated wavetorms. Likewise, various embodiments at the
receiver may or may not use any SEED and/or POLY values
to correctly decode transmitted packets. This tradeoil may
involve additional receiver complexity (e.g., via more calcu-
lations).

[0182] In some embodiments, the controller calculates at
least one optimization metric relating to a predetermined
criterion for at least one transform within the plurality of
transforms, with a memory device enabling the storage of at
least one optimization metric determined by a predetermined
criterion relating to the packet embodiment’s transmission
time.

[0183] The controller may select a transtorm from a plural-
ity of transforms corresponding to a mimimal value (i.e. a
metric near a minimum ) optimization metric, such as mini-
mizing a packet transmission time. Likewise, the controller
may operate to select an equivalent maximal value (i.e., a
metric near a maximum) optimization metric, such as the
average packet data rate=number bits 1n the packet/time to
send the packet.

[0184] A memory device 1n the apparatus described herein
may include a register or cache memory within a microcon-
troller or microprocessor, a register comprising digital logic
within a programmable device and/or ASIC (application spe-
cific integrated circuit), Random Access Memory (RAM),
and non-volatile storage such as a FLASH memory, EPROM
(erasable, programmable read-onlhy memory) and/or a hard
drive.

[0185] Repeaters may be used 1n either MPT or EMT sys-
tems, serving to repeat the recerved wavelorm and/or the data
using a similar format via DPPM. Thus, in some embodi-
ments, a system may comprise one or more repeaters, each of
the repeaters including a transmitter and/or a receiver, accord-
ing to various embodiments described herein.

[0186] The repeater may relay blindly decode and/or re-
encode digitized data wherein the re-encoding may or may
not use the same modulation coding scheme. In such embodi-
ments, MWD service operators can use the repeaters to com-
municate through a rock formation or drilling fluid. For EMT
operations, this may occur by selecting a transform from a
plurality of transforms available at the transmutter; transform-
ing digital data using said selected transform enabling the
receiver to perform an error-detection check; transmitting,
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transformed digital data through a rock formation using a
modulated wavelorm resembling a superposition of multiple
wavelorms; receiving a wavelorm from a rock formation in
response to said transmitted modulated wavetorm; demodu-
lating said received waveform in to a plurality of demodulated
values; and identifying packet errors by using said plurality of
demodulated values, said selected transform, and the error
detection code value.

[0187] Some MPT embodiments operate to communicate
through a dnilling flmd. Methods include calculating at least
one optimization metric relating to a predetermined optimi-
zation criterion; selecting an 1nitial state indicator (e.g.,
SEED value) from a plurahty of 1mitial state indicators avail-
able at the transmitter using said at least one of optimization
metric; scrambling digital data using said selected 1initial state
indicator enabling the recerver to perform an error-detection
check; transmitting said scrambled digital data through a
body of drnilling flmd using a discrete-signaling waveform
comprising differential time intervals between adjacent
pulses; recerving a wavetorm from the body of drilling fluid in
response to said transmitted discrete-signaling wavelorms;
demodulating said received waveform into a plurality of
demodulated values; and i1dentifying packet errors by using
said plurality of demodulated values, said selected transform,
and an error detection code.

[0188] Another embodiment may use scramblers that
employ configurable LFSRs. These transmitters may operate
to transmit a polynomial descriptor POLY, with the SEED
descriptor, calculating to account for the inclusion of both
values within the optimization metric and optimization crite-
rion. Hence, the plurality of transforms may comprise using,
at least one configurable LFSR enabled to receive a polyno-
mial indicator POLY from a plurality of selectable polyno-
mial indicators describing feedback connections. In some
embodiments, the POLY and SEED indicator values may or
may not be transmitted along with the transformed data. In
some embodiments, the optimization metric and predeter-
mined optimization criterion may or may not use a minimal
value for transmission time of a packet or a maximal value for
the average data rate of a packet. In some embodiments, the
plurality of transforms may or may not comprise scrambler(s)
with a plurality of imitial SEED values 1dentitying different
transforms within a plurality of transforms. Likewise, the
receivers at the other end may or may not use the formatted
data to perform an exhaustive search to determine SEED
and/or POLY values that are not transmitted with the data.
The tradeoil between determining whether to send SEED
and/or POLY wvalues as part of the payload or not involves

receiver complexity and bandwidth efficiency.

[0189] When determining the SEED and POLY wvalues

from a brute force search approach (e.g., when no SEED
and/or POLY mformation 1s included in the data sent by the
transmitter), a non-zero probability exists that the included
checksum may indicate the SEED and/or POLY values have
been correctly determined, when 1n fact they have not. This
false positive result may be due to the finite number of bits
within the checksum. For embodiments that do not operate to
transmit SEED and/or POLY values, the recerver may per-
form additional checks to determine whether a false positive
has arisen, as a result of using a particular checksum.

[0190] For example, some embodiments may perform an
additional check of seeing 1 there exists any other SEED
and/or POLY value combination that result 1n a valid check-
sum. If no other SEED and/or POLY combinations exist, then
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the recovered payload may be kept, with the assumption that
the determined SEED and/or POLY values have been deter-
mined correctly.

[0191] In the event that other SEED and/or POLY combi-

nations also result 1n valid checksums, indicating that the
message was correctly recerved and the receiver has deter-
mined the SEED and/or POLY wvalues correctly, then the
recovered payload corresponding the SEED and/or POLY
that has the minimal value for transmission time (likewise
maximal value for data rate) may be retained, while payloads
corresponding to longer transmission times may be dis-
carded.

[0192] In some embodiments, the transmitter and recerver
may have a predetermined order of SEED and/or POLY value
configurations that are used to select a solution from. If an
exhaustive search 1s not desired, the added check to determine
whether the correct values of SEED and POLY have been
determined may use a limited search to see 1f any other SEED
value 1n a predetermined order leading up to the determined
SEED value has a shorter minimal value transmission time
metric (or maximal data rate metric). This limited checking of
possible SEED and/or POLY values, 1n a predetermined
order, may add confidence to any existing CRC checksum
validity indication.

[0193] In some embodiments, a transmitter may operate to
scramble and transmit digital data within a packet using a
modulation with discrete-signaling waveforms having data
encoded via time intervals (e.g., DPPM) comprising: an valve
having a peak actuation rate and limited pulse amplitude
range; a plurality of initial state indicators as SEED values; an
initial state indicator selector capable of selecting at least one
initial state indicator of said plurality of imitial state indicators
such that the modulated pressure pulses of at least one packet
of transformed digital values that minimizes transmission
time for a given amount of data, wherein said selected trans-
form enables error detection at the receiver; and a connector
enabling connections with a drill string and/or casing.

[0194] A receiver embodiment may comprise an apparatus
serially connected with a drill string, being enabled to receive
formatted digital data transmitted via a modulation utilizing
discrete-signaling wavetforms with data encoded via time
intervals (e.g., DPPM) comprising: a sensor enabling the
reception of discrete-signaling wavetforms from modulated
pressure waves within a body of drilling fluid, a demodulator
enabling the estimation of transmitted digital values from said
time 1ntervals of related discrete pressure pulses received by
said sensor, a plurality of transforms enabling at least one
transformation of said received estimated digital values, and
a controller enabled to select at least one transform from said
plurality of transforms and transform recerved estimated digi-
tal values.

[0195] The recerver apparatus may operate to demodulate
multiple pressure pulses comprising DPPM. Furthermore,
the plurality of transtorms comprising of at least one LFSR
may or may not be configured to accept at least one 1nitial
shift register value (e.g., a SEED value) from a plurality of
possible 1nitial shift register values. In some embodiments,
the receiver uses at least one configurable LESR enabled to
receive a polynomial indicator POLY, selected from a plural-
ity of possible polynomial indicators describing feedback

connections.
[0196] Insome embodiments, the controller selects at least

— -

one 1nitial shift register value (e.g., a SEED value) from a
plurality of possible 1nitial shift register values enabling said
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transform selection and configuration, selects at least one
polynomial indicator (e.g., a POLY value) from a plurality of
possible polynomial indicators enabling said transform selec-
tion, selects said selected initial shift register value at least in
part based on said estimated transmitted digital values, or
selects said selected polynomial indicator at least in part
based on said estimated transmitted digital values. Other con-
troller implementation embodiments may employ a plurality
of LFSRs configured using a plurality of polynomial descrip-
tors, respectively, corresponding to a plurality of polynomial
indicators, also respectively.

[0197] An apparatus electrically and/or optically con-
nected with a drill string enabled to receive formatted digital
data transmitted via a modulation utilizing discrete-signaling
wavelorms with data encoded via time intervals (e.g., DPPM)
through a body of dnlling fllmd may comprise: a sensor
enabling the reception of a multiple discrete pressure pulses
modulated within said drilling fluid to represent a series of
data values encoded via relative time differences between
pulses, a demodulator enabling the estimation of said trans-
mitted digital values from said discrete pressure pulsed wave-
forms received by said sensor, a scrambler enabled to recerve
at least one 1nitial state indicator from a plurality of possible
initial state indicators, to generate a sequence of numbers and
transform said estimated digital values; and a controller
enabled to select at least one 1nitial state indicator from said
plurality of possible initial state indicators used in the trans-
formation of said estimated digital values.

[0198] In many embodiments, a controller comprises a
microprocessor circuit or microcontroller circuit executing a
program producing a voltage indicative of digitized values. In
some embodiments, the controller may comprise a digital
logic circuit. The controller may further comprise a CRC
module that enables said controller to embed a CRC value
within the packet of formatted digital data bit-stream. The
CRC module enables the checking of at least one checksum of
said received estimated digital values wherein said module
also enables selection of at least one transformed recerved
estimated digital values from said plurality of transforms. The
module may be implemented as hardware, firmware or soft-
ware

[0199] Insome embodiments, an apparatus 1s serially con-
nected to a drill string to produce pressure pulses through a
body of drilling fluid. The apparatus comprises a power
source (e.g., a battery, a generator); a valve, electrically con-
nected to said power source, capable of inducing pulsed pres-
sure changes (a discrete-signaling waveform) within a flow-
ing body of the dnlling fluid; a scrambler to receive at least
one 1n1tial state indicator (e.g., a SEED value) from a plurality
of possible 1nitial state indicators, to generate a sequence of
numbers and transform digital data using Galois Field arith-
metic; and a controller to command said valve to create a
plurality of pulsed pressure changes 1n said body of drilling
flid to modulate data encoded wvia time intervals (e.g.
DPPM), wherein the controller optimizes the transmission
time using a predefined criterion that enables the scrambler to
transform digital data into packets using an initial state 1ndi-
cator selected from said plurality of possible initial state
indicators.

[0200] In some embodiments, an apparatus 1s serially con-
nected to a dnll string to produce pressure wavelforms 1n a
body of drilling fluid. The apparatus comprise a power source
(e.g. battery, generator); a valve, connected to said power
source, the valve capable of inducing a pulsed discrete-sig-
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naling wavetorm within said body of drilling fluid contained
within a drilling-pipe; a configurable scrambler to receive at
least one polynomial indicator POLY from a plurality of
possible polynomial indicators describing the configuration
of the scrambler and at least one 1nitial state indicator SEED
value from a plurality of possible mitial state indicators, to
generate a sequence of numbers 1n response to recerving the
polynomial indicator, the 1nitial state indicator and a fixed
length packet of digital data to transform digital data using
(Galois Field arithmetic; and a controller to command said
valve to create pulsed changes 1n fluid pressure traveling
within the body of tlowing drnlling fluid contained within a
drill string as multiple discrete pulses representing digital
information via time differences between pulses, wherein the
controller optimizes the transmission using a predefined cri-
terion that enables the scrambler to transform digital data into
packets using an 1nitial state indicator SEED value selected
from a plurality of possible 1nitial state indicators and/or a
polynomial indicator POLY from a plurality of possible 1ni-
tial state indicators.

[0201] A recewver and/or system embodiment may be elec-
trically and/or optically connected with a pressure sensor
measuring the pressure within a body of fluid 1nside of a dnll
string. The recerver may recerve formatted digital data trans-
mitted via modulated pressure pulses and their relative time
differences. The recerver may comprise a sensor enabling the
reception of discrete pulsed wavelorms as pressure pulses
within said drilling fluid, a demodulator enabling the estima-
tion of transmitted digital values from said sequence of dis-
crete pulsed wavelorms received by said sensor, a config-
urable scrambler to receive at least one polynomial indicator
POLY {from a plurality of possible polynomial indicators
describing the configuration of the scrambler and at least one
initial state indicator SEED value from a plurality of possible
initial state indicators, to generate a sequence of numbers and
transiorm said estimated digital values in response to receiv-
ing the polynomial indicator and the initial state indicator;
and a controller to select at least one 1nitial state indicator
from said plurality of possible 1nmitial state indicators and
select at least one polynomial indicator from plurality of
possible polynomial indicators used in the transformation of
said estimated digital values.

[0202] In some embodiments, the controller operates to
select an 1nitial shiftregister (e.g., LSFR) value atleast in part
based on said estimated transmitted digital values and/or
selects said selected polynomial indicator at least in part
based on said estimated transmitted digital values. Some
embodiments may comprise a CRC module to conduct at
least one error-detection check of said estimated digital val-
ues wherein said module also receives a selection of at least
one transiformed estimated digital values from said plurality
of transforms. The CRC module may be realized using either
hardware and/or software. The CRC module uses a number of
bits along with a polynomial descriptor to detect errors in
decoding with high accuracy.

[0203] As part of providing a service, an o1l field services
company may practice some embodiments of the invention
by enacting a method of receiving digitally encoded data
packets through a body of fluid, the method comprising:
sensing a discretely pulsed wavetform using measured pres-
sure readings taken from a body of moving dnlling fluid
within a drill string; demodulating said sensed pressure read-
ings comprising a plurality of pulsed waveforms into a plu-
rality of numerical values using in part the relative time dif-
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ference between detected pulses; estimating digital values
from said plurality of demodulated numerical values; trans-
forming said estimated digital values using at least one trans-
form selected from a plurality of transforms, after selecting at
least one transform from said plurality of transforms. The
pulsed waveform may include signals indicating either or
both absolute pressure and/or differential pressure provided
by one or more sensors separated by a non-zero distance
either electrically or optically coupled to the moving drilling

tlud.

[0204] In some embodiments, a method comprises receiv-
ing digital data packets from a tlowing body of drilling fluid
comprising: sensing at least one physical effect of a modu-
lated discretely signaled wavetorm constructed from a series
of sequential pulses represented via relative time differences
between pulses within said body of drilling fluid; demodulat-
ing said sequence of discretely pulsed wavetorms nto a plu-
rality of numerical values while determining at least on time
interval between pulses detected; estimating digital values
from said plurality of demodulated numerical values; scram-
bling said estimated digital values using at least one 1nitial
state value of a plurality of possible 1nitial state values; and
selecting at least one 1nitial state value from said plurality of
possible mitial state values.

[0205] In some embodiments, a method comprises receiv-
ing digital data packets through a drilling fluid by sensing at
least one pressure wavetorm as a collection of multiple pulses
modulating pressure within said dnlling fluid within a dnll
string; demodulating said collection of pulses into of a plu-
rality of numerical values; estimating digital values from said
plurality of demodulated numerical values; selecting at least
one polynomial indicator POLY from a plurality of possible
polynomial indicators; configuring a scrambler using at least
the said selected polynomial indicator; scrambling said esti-
mated digital values using at least one mnitial state SEED value
of a plurality of possible initial state values, after selecting at
least one 1nitial state value from said plurality of possible
initial state values.

[0206] The selection of an 1itial SEED state value/indica-
tor may or may not use at least a portion of said estimated
digital values. Similarly, the selection a polynomial indicator
POLY may or may not use at least a portion of said estimated
digital values also. Again, the receiver may or may not cal-
culate CRC checksums using at least one transformed esti-
mated digital values from a possible plurality of transformed
estimated digital values to determine whether recerving at
least one digital data packet was accomplished correctly or 1n
error. The recetver may or may not operate to search some or
all the possible transforms, initial state values/indicators
(“SEED”) and/or polynomial indicators POLY to find a CRC
value that indicate a correct decoding event or a checksum
indicating a non-error.

[0207] A method of formatting digital data packet enabling
transmission through a drilling fluid may comprise receiving
digital data; calculating a CRC checksum using said digital
data; calculating optimization metrics for at least one trans-
form and modulation scheme suitable for pressure waves
traveling within a tflowing body of drilling fluid relating to a
plurality of transformations using said digital data; selecting,
a transformation using said optimization metrics; and gener-

ating transformed data using said digital data.

[0208] In some embodiments, a method of transmitting
digital data packets through a body of drilling fluid comprises
receiving digital data; calculating a cyclic redundancy check-
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sum using said digital data; calculating optimization metrics
for at least one transform and modulation scheme suitable for
discrete pressure pulsed waveforms to travel through said
body of drilling fluid relating to a plurality of transformations
using said digital data; selecting a transformation using said
optimization metrics; generating transformed data using said
digital data; and modulating the pressure of the fluid using
said transformed data and a valve.

[0209] In some embodiments, a method of transmitting
digital data packets through a drilling fluid comprises receiv-
ing digital data; calculating a cyclic redundancy checksum
using said digital data; calculating optimization metrics using,
at least one 1nitial scrambler state selected from a plurality of
possible initial scrambler states of a predetermined scrambler
configuration and a modulation scheme suitable for pulsed
pressure wavetorms passing through a body of drilling fluid
relating to a plurality of transformations using said digital
data; selecting an initial scrambler state for said predeter-
mined scrambler using said optimization metrics; scrambling,
said digital data to produce scrambled data; and modulating
the pressure of the drilling flmd passing through the drll
string by varying the position of a valve using said scrambled
data where the relative time difference between said pulsed
pressure wavelorms represents said digital data.

[0210] In some embodiments, a method of transmitting
digital data packets through a drilling fluid comprises receiv-
ing digital data; calculating a cyclic redundancy checksum
using said digital data; calculating optimization metrics using,
at least one 1n1tial scrambler state selected from a plurality of
possible 1mitial scrambler states for at least one scrambler
configuration from a plurality of possible scrambler configu-
rations and a modulation scheme suitable for pulsing pressure
wavelorms through a body of drilling fluid relating to a plu-
rality of transformations using said digital data; selecting at
least one scrambler configuration and at least one initial
scrambler state using said optimization metrics; scrambling
said digital data to produce scrambled data; and modulating
the pressure of the drilling fluid moving through the a dnll
string by varying a voltage (coupled to a valve, etther directly
or indirectly) using said scrambled data.

[0211] In some embodiments, the methods further com-
prise calculating the optimization metrics using said cyclic
redundancy checksum, further comprising generating parity
data using an FEC encoder, further comprising calculating
the optimization metrics using said parity data.

[0212] In some embodiments, the methods further com-
prise calculating the optimization metrics using said cyclic
redundancy checksum further comprise calculating the cyclic
redundancy checksum using said parity data, to select the
transformation using a minimal optimization metric value
(e.g., packet transmission time). In some embodiments, the
methods of selecting the transformation use a minimum opti-
mization metric value (e.g. the packet transmission time). In
some embodiments, the method of calculating at least one
optimization metric uses the transmission time of the format-
ted packet, wherein selecting the transformation uses a maxi-
mal optimization metric value (e.g., the effective data rate of
a packet transmission ), and/or a maximum optimization met-
ric value (e.g., the data rate).

[0213] Possible transtorms include bit permutations, mver-
sion, and bit mappings (e.g. Gray, Reverse Gray, Natural
Order, Reverse Natural Order). In simulations of various
embodiments, improvements in the bit transmission rate of
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using scrambled values according to various embodiments,
over no scrambling, have exceeded 30% when 6 BPI trans-
mission was used.

[0214] With the benefit of this information, and referring
back to FIGS. 1-17, it can be seen that several additional
embodiments can be realized. For example, in some embodi-
ments a data transmission apparatus 1700 may comprise a
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scrambler that operates according to a SEED value that
reduces DPPM transmission time, a DPPM modulator, and a
transducer. Thus, the apparatus 1700 may comprise a scram-
bler module to transform larger values of acquired data into
smaller values of transtormed data according to a SEED value
selected to reduce DPPM transmission time. The apparatus
1700 may further comprise a DPPM modulator to modulate
the transformed data and a checksum associated with the
transformed data as a propagation signal, along with a trans-
ducer to transmit the propagation signal into dnilling fluid or
a geological formation.

[0215] In some embodiments, the transducer may be one
that 1s employed for mud pulse or electromagnetic telemetry.
Thus, the transducer may comprise one of a pulser to induce
pulses 1n the dnlling fluid, or an amplifier to receirve the
propagation signal, and to produce an amplified version of the
propagation signal in the geological formation. I the trans-
ducer 1s a pulser, 1t may comprise a valve.

[0216] The scrambler may use a shift register to transform
acquired data, prior to modulation. Thus, the apparatus 1700
may comprise an LFSR configurable to accomplish the trans-
form using the SEED value.

[0217] A CRC value may be used as the checksum. Thus,
the apparatus 1700 may comprise a CRC processing module
to generate a CRC value as the checksum.

[0218] The scrambler may be housed 1n some part of a drill
string. Thus, the apparatus 1700 may comprise a portion of a
drill string to house the scrambler module.

[0219] In some embodiments, a reception apparatus may
comprise a sensor (mud pulse or electromagnetic telemetry),
a DPPM demodulator, and a descrambler that operates
according to a SEED value that 1s validated by a checksum
associated with the demodulated data. Thus, an apparatus
1700 may comprise a sensor to recerve a propagation signal as
an acoustic signal propagated in drilling fluid or as an elec-
trical signal propagated 1n a geological formation. The appa-
ratus 1700 may further comprise a DPPM demodulator to
extract transformed data and a checksum from the propagated
signal, and a descrambler module to transform the trans-
formed data 1nto an estimated version of acquired data using
a transform defined by a SEED value validated by the check-
SUI.

[0220] If multiple potential SEED values are discovered,
then the SEED value that produces the shortest packet trans-
mission time (for the SEED combined with 1ts corresponding
transiformed data) 1s used. Thus, the SEED value may be one
of multiple SEED values Vahdated by the checksum, wherein
the SEED value 1s selected as one of the multiple values
having a shortest transmission duration associated with a
received aggregate of the estimated version of the acquired
data.

[0221] A shift register, such as an LSFR, may be used to
unscramble the acquired data. Thus, the apparatus 1700 may
comprise a shiit register configurable to accomplish the trans-
form using the SEED value.

[0222] Sensors to recerve the propagation signal may
include mud pulse receivers, electromagnetic telemetry
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receivers, and others. Thus, the sensor may comprise one of a
surface recerver configured to receive the propagation signal
from a sub-surface mud pulser, or an electromagnetic telem-
etry recerver configured to receive the propagation signal
from a sub-surface electromagnetic telemetry transmitter.
Still further embodiments may be realized.

[0223] For example, FIG. 25 1s a flow chart illustrating
additional methods 2511 and 2557 according to various
embodiments of the invention. The methods 2511 and 2557
may comprise processor-implemented methods, to execute

on one or more processors (€.g., the processors 1730 1n FIG.
17) that perform the methods.

[0224] Methods 2511 can be used as a searching mecha-
nism to determine one or more SEED values that provide a
reduced DPPM transmission time, and may be applied to a
number of configurations of the apparatus 1700 and systems
1864, 1964 shown 1n F1GS. 17-19, respectively. For example,
a method 2511 may comprise transforming acquired data into
smaller values according to a SEED value selected to reduce
DPPM transmission time, applying DPPM to the smaller
values to provide modulated data, and transmitting the modu-
lated data as a propagation signal—either 1n drilling fluid or 1n
a formation, among other media.

[0225] Insome embodiments, a method 2511 may begin at
block 2513 with acquiring data, perhaps using a sensor or

transducer. If acquisition 1s not complete, as determined at
block 2517, then the method 2511 may return to block 2513.

[0226] If acquisition has been completed, as determined at
block 2517, then then method 2511 may continue on to block
2521, with selecting a SEED value, perhaps to be used as an
1111‘[1:511 value for LFSR configuration 1 a scrambler. The
SEED value may be selected to reduce DPPM transmission
time for the acquired data after 1t 1s transformed

[0227] In some embodiments, the method 2511 may con-
tinue on to block 2525 with formatting the acquired data into
packets, such as fixed-length packets.

[0228] In some embodiments, the method 2511 may con-
tinue on to block 2529 with transforming larger values of

acquired data into smaller values of transformed data using a
transform defined by the SEED value.

[0229] A CRC code or parity data can be used as a check-
sum. Thus, the method 2511 may continue on to block 2533
with calculating at least one of a CRC checksum or parity data

using at least one of the acquired data or (after transformation
at block 2529) the transformed data.

[0230] In some embodiments, the method 2511 may con-
tinue on to block 2537 with formatting the transformed data
into packets, such as fixed-length packets. Thus, the acquired
data can be formatted into packets after transformation, and
prior to applying DPPM. Therefore, the method 2511 may
include, at block 2537, formatting the acquired data into fixed
length packets, with at least one of the packets mcludmg the
SEED value or a polynomial indicator POLY used 1n the
transforming.

[0231] The method 2511 may continue on to block 2541
with inserting the at least one of the CRC checksum or parity
data as the checksum 1nto at least one of the packets, such as
fixed-length packets.

[0232] The polynomial indicator POLY can also be
selected to reduce DPPM transmission time. Thus, the
method 2511 may continue on to block 2545 with selecting
the polynomial mndicator POLY to reduce the DPPM trans-
mission time for the acquired (and formatted) data.
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[0233] The method 2511 may continue on to block 2549
with DPPM of the transformed data and the checksum asso-
ciated with the transformed data to provide a propagation
signal.

[0234] A polynomuial indicator POLY can be inserted into
the propagation signal, and sent to the recerving apparatus.
Thus, the activity at block 2549 may comprise DPPM of the
polynomial 1indicator POLY to provide a modulated portion
of the propagation signal, wherein the polynomial indicator 1s
used to define the transformation of the acquired data.

[0235] The method 2511 may continue on to block 2553 to
include transmitting the propagation signal into drilling fluid
or a geological formation, depending on the mechanism used
for transmission. Additional methods may be realized.

[0236] Forexample, methods 2557 can be used as decoding
mechanism for acquired data that has been transformed and
modulated according to selected SEED and/or polynomial
indicator values using DPPM to reduce transmission time.
The methods 2557 may be applied to a number of configura-
tions of the apparatus 1700 and systems 1864, 1964 shown in
FIGS. 17-19, respectively. For example, a method 2557 may
comprise recewving the propagation signal (disposed 1n a
desired propagation medium by the transmitter), demodulat-
ing the signal using DPPM, and descrambling the demodu-
lated signal according to a SEED value. The SEED value
(and/or a polynomial indicator), may or may not have been

sent as part of the propagation signal.

[0237] Thus, the method 2557 may begin at block 2561

withrecerving a propagation signal as an acoustic signal
propagated 1n drilling fluid or as an electrical signal propa-
gated 1n a geological formation. If reception 1s not complete,
as determined at block 2565, then the method 2557 may
return to block 2561.

[0238] If the reception 1s complete, as determined at block
2565, then the method 2557 may continue on to block 2569
with demodulating the propagation signal to extract trans-
formed data and a checksum.

[0239] Checksum data forming part of the estimated
acquired data, such as a CRC checksum or FEC code, may be
used to determine the SEED value and/or the polynomial
indicator POLY wvalue. The FEC checksum using parity-
check equations to calculate syndrome bits (e.g., a sum of
estimated bits used to check the validity of a codeword when
using a block code). Thus, the method 2557 may continue on
to block 2573 with determining at least one ol the SEED value
or a polynomial indicator POLY associated with the trans-
formed data by attempting the transforming using multiple
values of the SEED value or the polynomial indicator until the
checksum comprising FEC data in the estimate indicates
existence of a correct value.

[0240] A table of stored SEED/polynomial indicator values
can increase the efficiency of discovering SEED/polynomaial
indicator values that are not sent as part of the propagation
signal. Thus, the activity at block 2573 may comprise deter-
mining the SEED value or the polynomial indicator POLY
according to a predetermined order of configurations stored
in a table.

[0241] If the SEED value 1s not sent as part of the propa-
gation signal, 1t can be discovered, and validated using the
checksum. Thus, the method 2557 may comprise, at block
2577, selecting the SEED value from multiple SEED values
validated by the checksum, wherein the SEED value 1s
selected as one of the multiple SEED values having a shortest
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transmission duration associated with a received aggregate of
the estimate of the acquired data.

[0242] The demodulated signal may be descrambled
according to a SEED and/or polynomial value that are sent as
part of the propagation signal. thus, the method 2557 may
comprise, at block 2581, configuring a descrambler to accom-
plish the transforming based on at least one of the SEED value
or a polynomial indicator POLY value, wherein the SEED
value, the polynomial indicator, or both, form a modulated
portion of the propagation signal.

[0243] The method 2557 may continue on to 2583 with
transforming the transformed data nto an estimate of

acquired data, using a transform defined by a SEED value
validated by the checksum.

[0244] In summary, the apparatus, systems, and methods
disclosed herein may operate to improve data rates over peak
rates achievable using conventional modulation techniques,
such as MPT systems that employ DPPM.

[0245] In some scenarios, the data rate may improve by as
much as 45% when matching transmission parameters are
used. As a result, the time spent communicating information
from the surface down hole, and vice versa, may be substan-
tially reduced, enhancing the value of services provided by an
operation/exploration company.

[0246] Theaccompanying drawings that form a part hereof,
show by way of 1llustration, and not of limitation, specific
embodiments 1n which the subject matter may be practiced.
The embodiments illustrated are described 1n suificient detail
to enable those skilled 1n the art to practice the teachings
disclosed herein. Other embodiments may be utilized and
derived therefrom, such that structural and logical substitu-
tions and changes may be made without departing from the
scope of this disclosure. This Detailed Description, therefore,
1s not to be taken 1n a limiting sense, and the scope of various
embodiments 1s defined only by the appended claims, along
with the full range of equivalents to which such claims are
entitled.

[0247] Such embodiments of the mventive subject matter
may be referred to herein, individually and/or collectively, by
the term “invention” merely for convemence and without
intending to voluntarily limit the scope of this application to
any single imvention or inventive concept 1f more than one 1s
in fact disclosed. Thus, although specific embodiments have
been illustrated and described herein, 1t should be appreciated
that any arrangement calculated to achieve the same purpose
may be substituted for the specific embodiments shown. This
disclosure 1s intended to cover any and all adaptations or
variations of various embodiments. Combinations of the
above embodiments, and other embodiments not specifically
described herein, will be apparent to those of skill 1n the art
upon reviewing the above description.

[0248] The Abstract of the Disclosure 1s provided to com-
ply with 37 C.F.R. §1.72(b), requiring an abstract that waill
allow the reader to quickly ascertain the nature of the techni-
cal disclosure. It 1s submitted with the understanding that 1t
will not be used to interpret or limit the scope or meaning of
the claims. In addition, 1n the foregoing Detailed Description,
it can be seen that various features are grouped together 1n a
single embodiment for the purpose of streamlining the dis-
closure. This method of disclosure 1s not to be interpreted as
reflecting an intention that the claimed embodiments require
more features than are expressly recited in each claim. Rather,
as the following claims reflect, inventive subject matter lies 1n
less than all features of a single disclosed embodiment. Thus
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the following claims are hereby incorporated into the
Detailed Description, with each claim standing on 1ts own as
a separate embodiment.

What 1s claimed 1s:

1. An apparatus, comprising;

a scrambler module to transform larger values of acquired
data into smaller values of transformed data according to

a seed value selected to reduce digital pulse position
modulation transmission time;

a digital pulse position modulator to modulate the trans-
formed data and a checksum associated with the trans-

formed data as a propagation signal; and

a transducer to transmit the propagation signal into drilling,
fluid or a geological formation.

2. The apparatus of claim 1, wherein the transducer com-
prises one of a pulser to induce pulses 1n the drilling fluid, or
an amplifier to recerve the propagation signal, and to produce
an amplified version of the propagation signal in the geologi-
cal formation.

3. The apparatus of claim 2, wherein the pulser comprises
a valve.

4. The apparatus of claim 1, further comprising:

a linear teedback shiit register configurable to accomplish
the transform using the seed value.

5. The apparatus of claim 1, further comprising:

a cyclic redundancy check processing module to generate a
cyclic redundancy check value as the checksum.

6. The apparatus of claim 1, further comprising:

a portion of a drill string to house the scrambler module.

7. An apparatus, comprising;

a sensor to recerve a propagation signal as an acoustic
signal propagated in drilling fluid or as an electrical
signal propagated in a geological formation;

a digital pulse position demodulator to extract transformed
data and a checksum from the propagated signal; and

a descrambler module to transform the transformed data
into an estimated version of acquired data using a trans-
form defined by a seed value validated by the checksum.

8. The apparatus of claim 7, wherein the seed value 1s one
of multiple seed values validated by the checksum, and
wherein the seed value 1s selected as one of the multiple
values having a shortest transmission duration associated
with a received aggregate of the estimated version of the
acquired data.

9. The apparatus of claim 7, further comprising:

a shift register configurable to accomplish the transform
using the seed value.

10. The apparatus of claim 7, wherein the sensor 1s one of
a surface receiver configured to recerve the propagation signal
from a sub-surface mud pulser, or an electromagnetic telem-
etry recerver configured to receive the propagation signal
from a sub-surface electromagnetic telemetry transmitter.

11. A computer-implemented method, comprising:

transforming larger values of acquired data into smaller
values of transformed data using a transform defined by
a seed value selected to reduce digital pulse position
modulation transmission time for the acquired data;

digital pulse position modulating the transformed data and
a checksum associated with the transtformed data to pro-
vide a propagation signal; and

transmitting the propagation signal into drilling fluid or a
geological formation.
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12. The method of claim 11, further comprising;:

formatting the acquired data into fixed length packets, with
at least one of the packets including the seed value or a
polynomial indicator used 1n the transforming.

13. The method of claim 11, further comprising;:

calculating at least one of a cyclic redundancy check
(CRC) checksum or parity data using at least one of the
acquired data or the transformed data;

formatting the acquired data or the transformed data into
fixed-length packets; and

inserting the at least one of the CRC checksum or parity
data as the checksum 1nto at least one of the fixed-length
packets.

14. The method of claim 11, further comprising;:

digital pulse position modulating a polynomial indicator to
provide a modulated portion of the propagation signal,
wherein the polynomial indicator 1s used to define the
transform.

15. The method of claim 14, further comprising;:

selecting the polynomial indicator to reduce the digital
pulse position modulation transmission time for the
acquired data.

16. A computer-implemented method, comprising;:

receiving a propagation signal as an acoustic signal propa-
gated 1n drilling fluid or as an electrical signal propa-
gated 1n a geological formation;

demodulating the propagation signal to extract trans-
formed data and a checksum; and
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transforming the transformed data into an estimate of
acquired data, using a transform defined by a seed value
validated by the checksum.

17. The method of claim 16, further comprising:

selecting the seed value from multiple seed values vali-
dated by the checksum, wherein the seed value 1s
selected as one of the multiple seed values having a
shortest transmission duration associated with a
received aggregate of the estimate of the acquired data.

18. The method of claim 16, further comprising;:

configuring a descrambler to accomplish the transforming
based on at least one of the seed value or a polynomial
indicator, wherein the seed value, the polynomaial 1ndi-
cator, or both, form a modulated portion of the propaga-
tion signal.

19. The method of claim 16, further comprising:

determining at least one of the seed value or a polynomial
indicator associated with the transformed data by
attempting the transforming using multiple values of the
seed value or the polynomial indicator until the check-
sum comprising forward error correction data in the
estimate 1ndicates existence of a correct value.

20. The method of claim 19, further comprising:

determiming the seed value or the polynomial indicator
according to a predetermined order ol configurations
stored 1n a table.
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